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Ref. Ree/300/JHM 

Summary. 

RESTRICTED 

POWER JETS REPORT NO. R. 1214 

General Performance Calculation» for 

Gas Turbine Engines 

-by - 

D. H. Mailing on. B.So. 

June, 1946. 

In this monograph an attempt in made to summarise the 
theoretical work carried out during the past few years aimed at 
discovering the potentialities of the gas turbine as a power plant 
in many fields of application, but especially as an aircraft power 
unit. To do this the performance of the various modifications of the 
ideal gas turbine oyole is considered in saue detail, and the work* of 
various authors are then combined and edited in order to depict the 
performance attainable by practioal engines. The influence of component 
efficiencies on this latter performance is examined and the effects of 
modifications, such as reheating the ga3 after partial expansion or 
introducing a heat exchanger, are compared with the effects predictable 
from the ideal cycle calculations. 

The association between the gas turbine and jet reaction as a 
means of aircraft propulsion is considered and the probable performance 
of several simple jet engines estimated over a speed range from 0 to 1500 
m.p. h. The influence of forward speed and altitude on the output and 
efficiency of the gas turbine is obtained and combined with the influence 
of varying operating conditions upon the propulsive efficiency of the 
jot to give the overall performance of a jet-turbine combination. 

Finally a method of estimating the performance of a simple 
jet engine from the non-dimtnaional characteristics of its components 
is detailed and the results of an example employing this method are 
used to illustrate the influence of several factors, such as propelling 
nozzle size, upon the equilibrium running conditions of such an engine* 
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General Performance Calculations for 
6aa Turbine Engines 

1.0   nBBPDPCTION 

ir'-> 

During the war years the gas turbine may be said to have 
come into its own, both as an engine already accepted and in operation 
in jet propelled aircraft, and also as a potential power plant in many 
other fields of service. It is desirable, therefore, to summarise the 
main features and characteristics of gas turbine engine performance 
known at present, and to give short descriptions of the methods which 
may be adopted to determine this performance. Such is the object of 
this report. 

2,0 THE CYCLE 

P      2.1 The plain cycle 

The gas turbine operates on what is usually referred to as 
the "constant pressure cycle" the implication being that the working 
fluid remains at constant pressure during the period in which heat is 
being supplied. The ideal cycle is sh m  in Figure 1 (a) on a Total 
Heat-Entropy chart. Ideally air, the working substance, is taken in at 
the State I and compressed without change of entropy to State 2. Then, 
keeping constant pressure, heat is added, increasing the temperature 
and the volume until the air is at State 3» when it is allowed to 
expand, again isentropioally, to State 4. The air standard efficiency 
of such a cycle, based on the assumption of constant specific heats at 
all temperatures, may easily be assessed. For if kp is the specifio 
heat at constant pressure, the heat taken in is kp (T3 - T2) and the 
heat rejected is kp (T4 - Tj) so that 

Air Standard Efficiency Heat taken in - Heat rejected 
H*at taken in 

to (T*  - T») - to (T,, - T1) 
kp (T3 - X2) 

• 1 ~ m—;r 
*3 " *2 

If the pressure ratio in compression equals the pressure ratio in 
expansion, both being denoted by R, then the temperature ratios 
*2/     »5/ Y- 1 
/T1 and  /T4 are both equal to (H) Y   > where Y = ratio 

of specific heats, and 

1 At. 
Air Standard Efficiency = 1 - ( i ; " • • *"  ....   ....   •••• (1) 

The variation of this efficiency with pressure ratio isshom in Figure 2(a) 
using Y  =1.4 for air. The increase in efficiency with pressure 
ratio is seen to re rapid at first but it is finally assymptotio to lOOJt 
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Note Bhould be made of the fact that for gas turbines* it is more usual 
to work in terms of pressure ratio and not with the volume ratio which 
is usually employed in work on internal combustion reciprocating engines. 

It is clear too that, if it were possible to carry out the 
compression and expansion of the gas adiabatictlly the efficiency of a 
gas turbine engine of constant pressure ratio .vould be unaffected by 
variations in the maximum tu&peratuif of the cycle. The work output 
will, however, increase with increasing maximum temperature, T», if 
intake temperature, T-), is assumed to remain uonstant. For work output 
per lb, of working fluid 

kpJlTj T2J   - [^ - «,] j 

kp JTj - TvT2 - Ty\   + TJ] 

= kp [T3(1 

where o * (R) y • 

T1 

Vo) 
Tg 
*1 

»1 (° " 1Q •••• (2) 

The variation of the quotient worVkp Ti is plotted in Figure 2 
2(b) as a function of pressure ratio and T*/T-i. The work, like the 
efficiency, inoreases rapidly at' first with increasing pressure ratio, 
but unlike the efficiency it reaches an oj tiraum :.nd then decreases. The 
pressure ratio at which the optimum work occurs increases with increasing 
temperature ratio and is, in fact, that which makes o2 = T3/T1 (by 
differentiating the equation (2)) and in consequenoe makes T£ and T^ 
equal, 

2*2  Modifications to plain cycle . 

2a 2,1 Improvement of Jifficienoy : Heat Exchange 

If we assume tlu.t bj the uae of a perfectly efficient heat 
exchanger we may remove heat from the air at the end of expansion 
and supply it to the compressed air as part of the hei. ting process we 
nay improve the efficiency of the cycle under certain conditions. In 
the limiting case of a perfectly efficient contra-flow heat exchanger 
thfe temperature of the exhaust air may be lowered to that at the end 
of compression, and the temperature of the compressed air raised to 
that of the air at the end of expansion. It is dear therefore that 
such a heat exchanger is only of use if T4 is greater than T£ in the 
normal cycle. This implies that mechanical or other considerations 
prevent the attaining of the pressure ratio which yields maximum work 
output for a given temperature ratio T3/T1 for under such conditions 
Xg and Tjj, are equal, figure 1 (b) illustrates the cycle. States 1 to k 
are a« in the normal cyole but state 5 is introduced to indicate the 
point where the air passes from heat exchanger to heater and state 6 
gives the state at which the air leaves the engine. ffe are concerned at 
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prasent only «1th the ease when T^ « T^ and Tg • Tg« > that of 
perfectly efficient exchanger. 

Efficiency »   Heat in - Heat out 
Heat in 

% 
> 

- 

T3 - T^ 

or 
(J) 

Because 

**•' 

12  •  !s 

The ideal efficiency is now seen to be dependent both on pressure 
ratio and also the ratio of the tenper ture before e::panaion to the 
initial temperature T1t The equation (3) also indicates that if there ia an 
upper limit to the maximum temperature ratio Tj/Ti which may be employed 
in an engine with a heat exchanger, maximum efficiency will be obtained by 
employing the lowest pressure ratio compatible with obtaining the necessary work. 

«changer «^"f'Ä I*"«0"* «»»of .the a 
than Tg. ^ ^ is 8roator than Tj x HV " )y   j. angina witnout heat 

e. 

working suSLncTwhÄfr d°°8 "* «*«* tho ••* «»tput per lb. of 

» kp {(T3 - T5) - (T6 
SB        IrK /m M . _ 

'6 - TO) 
kp  >Tj - T2 - fy 

* kp -M^O -1) - T.,(e - 1)\       as before 

Figure 2(b) also represents, therefore, the work output from 
the cycle with heat exchanger as well as that from the normal cycle. 

The curves of Figure 2(c) show the efficiency variations quite 
dearly. The efficiency of the cycle incorporating a heat exchanger and 
using a constant temperature ratio, is lar^c at low  jrepsure ratios and 
decreases with increasing pr-ssuru ratio up to a point where it equals that of the normal cycle. 

By comparison between Figures 2(a), 2(b) and 2(c) it is made 
clear that the pressure ratio at which the efficiencies; of the two 
oyolesare equal is also the pressure ratio of optimum work for the 
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 ... iyi-1 • f. At a pressure ratio 
w*   II:I tne aii- standard efficiency is 5DJS cjid the work output per 
lb/sec.   is ideally a naxi-tum.  «. heat  -.-xohang'-'r has no effect on these 
values. i»t a pressure  ratio of 5:1»  the  *ork output per lb.   is reduced 
by 11JJ from tin- maximum,  but  th_- r.ir star.dferd effici-ncy of the cyole 
with a he<it exchanger, is now 60ji  Th^ novwal cycle operating at 5: 1 
pressure ratio would have an air standard efficiency of only 37}t 

2.2.2.     Iir.jjrovenent of Output :  «eheat 

Supposing again that there is «i upper limit to T3 an inorease 
in output per lo.  of working substance over the plain cycle may be 
obtained by allowing th£ expansion to take place in parts and by 
re-heating the air to the upper limit T3 between each part.  Figure 1 (e)*fc 
shorn the new cycle if the expansion is split into two suoh parts. • 
State 5 ia no* at the end of the first expansion and state 6 is reached 
after re-heating,  so  thnt Tg = T3.  The v/ork output ,>;r lb.   is now 

= kp 
•>Tj • *a) • (»6 - 15) - <T4 - h)l 

PJ/F5 •  P5/H and therefore T2 . Tj   , g   J^ .* 

T2 Ti. 

T1 T5 T4 

«*i - Tyk - iayo + T^j 

This equals 0 and the work is a maxinsim if k = /7T,  This is  4| 
:eniperature ratios and conseauentlv th« «—  ^ß 
,...»„ ^uius u and the work is a maximum if k = ,/o". This is 

«ben the temperature ratios and consequently the pressure ratios across 
the two parts of the expansion are equal. It can be proved that the 
work from this cycle i3 greater than that frou the plain cycle for all 
values of k between 1 and c, i.e. in all practical cases, but it is 
also true that the .-naxiniuin ideal efficiency occurs when k = 1, i.e. in 
the plain cycle with one expansion only. 

Figures 2(g) ai,d 2(h) show, respectively, the efficiency and 
the work output parameter of the new cycle, as a function of pressure 
ratio and temperature rr.tio. The best division of temperature drop 
between the 2 parts of the expansion is assumed. The pressure ratiosfor 
optimum work output are seen to be higher than the corresponding 
figures in the normal cycle. The efficiency, which is always lower than 
the efficiency of the noimal cycle it similar pressure ratios, is also 
now a function of temperature ratio and decreases with decreasing tempeiature ratio. 

. j>- - 
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2.2.3. Inprovmnent of Output ; Intercoolin». 

Results comparable to those found for the reheated carol« are 
obtained if the compression is divided into 2 parts and the air ooolad 
to its original temper: ture T.j between the two compressors (see Figure 1(c)). 
The output is increased, reaching a maximum «hen the pressure ratios in 
the two compressors are equal, but the ideal efficiency of the cycle is 
reduced. 

At low pressure ratios s-nd between fixed temperature limits 
Tj and T\,  however, though intercooling increases the work output, of a 
cycle of fixed pressure ratio somewhat less than does reheat, the 
lowering of the air stijidurd efficiency is also somewhat omalicr. Figures 
2(d) and 2(a) illustrate these features, the curves occupying an 
intermediate position between those for the plain cycle and those for 
the reheat cycle over the range of pressure ratio shown. 

2.3 Value of Ideal Cycle aatimatea 

The foregoing in no way represents all the variations which 
may be wade to the ideal cycle. It is intended only to show the effects 
which may be expected from three types of Modification which it is 
relatively easy to employ on a gas turbine engine in its present general 
form. Although the inefficiencies of the various components make the 
formulae and values of the air standard efficiencies quoted above matters 
of aoadeuiic interest only, they raaain, nevertheless, the liiaits to which 
the realised performance of a turbine engine wilx tend to approach with 
all-round improvements in component efficiencies. 

2.4 Multiple modifications 

Before passing on to more detailed consideration of realised ' 
performance it is of interest to note the effect in the ideal oaae of 
incorporating in the plain cycle combinations of reheat, of interceding 
and of heat exchange. 

2.4.1 Reheat and Heat Exchange 

The introduction of the heat exchanger into the cycle with 
reheat (Sec Figure 1(f)) docs not effect the work output of the cycle 
any more than did its introduction into the plain cycle, and the optima 
work for a given T3/T1 still occurs when the three temperatures T2» T5 
and T4, are equal, the condition at which a heat exchanger has no 
advantage. At pressure ratios belov that giving the optimum work for a 
given temperature ratio, the influence of the heat exchanger is more 
marked than in the cast of the plain cyole with heat exchanger. Figure 
2(i) indicates this result, the efficiency again being that corresponding 
to the best division of the temperature drop between the two parts of 
the expansion (actually equal temperature drop in both parts). 

The introduction of the neat exchanger haj the effect that 
this division of temperature drop is now not only that for optimum 
work output but also for o;.>tlrau& cycle efficiency. Without th- heat 
exchanger the efficiency at fixed temperature and pressure ratios was 
at an optimum when no reheat was introduced. The heat exchange! mokes 
the two optima coincide at the same division of temperature drop. 

mm 7w>*t-»~--w.tUv 
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Considering ugain T3/T1 = V au in paragraph 2,2,1. Figure 2(h) 
shows that the inclusion of reheat In the cyclt: of a pressure ratio of 
11:1 wiix increase the woric outfit per lb/sec by ityjL   on that of the 
plain cycle (figure 2(b))~nd that this is still slightly below the 
optimuu obtainable with T3/T1 • Vsü at pressure ratios of approximately 
20:1. Figures 2(g) and 2(1) show that the air sfc-.tdcrd efficiency at 
11:1 pressure ratio would bo UZ% with reheat alone and 5ö£ with a hoot 
exchanger and r< heat. The 5:1 pressure ratio c^cle previously considered 
would   have a work output 6iJ greater with runout than the optiriuu for 
the plr.in cycle, whilst the uir ütandi.rd efficiency of 3>,i with reneat 
alone, would be increased to 64v4 with the adütion of a heat \sxohanger. 

2.1*, 2.  Interooolinp, uid Heat ^xch -nne 

The influence of a heat ejcchangex* or. the cycle with intercooler 
is ocnparabl'- with its influence upon th.; reheat cycle. Tlu. work output 
remains unaltered, but the efficiency is approoiably incr«csed at low 
pressure ratios (Piguru 2(f)^ •** 

2.i».3.  InteroooliiiR ana tieheat 

Interacting i- suits are obt.üied frou a study of the cycle 
inoorpor. ting both reheat and intercoolint!, shown in figure 1 (g). The 
equation for the work outjvut per lb/seo.  of working substance when the 
coiiipression and expansion temperature ahunte-s ;u"° equally divided by 
the inti rcooler and re-heater respectively la 

•   '[js'-d-JL) - cyr 
Ja 

Comparison with s auction (2) shows th. t at a pros 
tin. new cycle gtws».  ideally,  just twice the ..'or.. 
pressure ratio (1/0) fe^      , using th»  BGBU tuap. 
always represents an increase in wo.?k ove    tue pi 
pressure ratio (c) ys~\   and teaapccatiuu ratio tJty Figure 2(K) 
illustrates thet the work output is in f'-ot gswiter then that fro» any 
cycle previously considered but th.: air standard efficiency figure 2(j) 
is lower than for all the others. 

2.4.J*.  Intorooolijag. Reheat end iiet.t .",xcaanfc,o. 

The addition of a heat e-xolu nger to  Ihia last  cycle, however, 
finally associates th» uaxiiiruiii output pur lu.  for a ,._i.v«n tei.vrature 
ratio, with ;uaximum air Stanford efficioucie., The efficiency of the 
cycle shown in Uigur.; 1 (h) is 

- 1 - si Vs" 

and equals, therefore, the efficiency of the plain c.vcl« with heat 
exchange at pressure ratios equal to the squire root of those employed 
in the now cycle, figure 2(1) shows the ^fficiency of thi3 cycle to be 
higher than tlu. corresponding efiiuiency for nny oth r cycle considered. 

-1) 

ure ratio of (c)vtv 
of the  plain cycle of 
•tvuv rctio Ttx/t\, This 
1B oyolt   at tnc tame 
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2.5 Example 

Enough ho» been »aid to show that both the output and efficiency 
of a plain cycle oen be considerably increased by the modifications of 
reheat or intercoolxng and heat exchange used in conjunction with each 
other, it biiug assumed that the temperature ratio, T3A1 represents c. 
fixed limit to the various cycles. The investigation has been restricted 
to the introduction of one stage only, of reheftt and intercooling, in 
order to show the effects that uight be obtained by reasonably practicable 
modification;? to the cycle. 

In order to summarise these e fleets the results of the example 
already discussed arc completed end tabulated below. 

TEMPanATUftE RATIO = 4: 1. 

CYCLE 

HRESSUHE RATIO 

5 s 1 1 1 : 1 

Work 
Output 

Parometci 

Air Standard 
Efficiency »orte 

Output 
Parameter 

Air Standard 

Without 
H.Exchange 

With 
H.Exchange 

Vithout    I With 
H. Exchange jH. Exch. 

Plain 0.89 0.37 0.60 1.00 0.50       i 0.50 

Plain + Intercooling O.96 0.35 0.66 1.17 0.45      I O.59 

Plain + Reheat 1.06 0.33 0.64 1.34 0.42      { 0.58 

Plain + I.C.  + R.H. 1.12 0.32 0.68 1.50 0.40     { 0.65 

3.0 THE CYCLE WITH LOSSES 

The discussion of the ideal cycles 1-ads to results which, 
though valuable indications of the relative importance of temperature 
ratio, pressure ratio and various modifications on the constant pressure 
oyole ., are, nevertheless, unattainable in practice. In practice it is 
impossible to c-.rry out either the compression or expansion of the working 
substance isentropically, and tho heating process is likely to introduce 
small louses in pressure. Modifications such as reheating, intercooling 
and heat exahtjigi.- are also accompanied by pressure losses. Complete 
exchange of heat between hot exhaust gases and thj compressed gas is 
improbable, and contrary to the assumption so far made, the specific heat 

. of the gr.s is not constant with changes in teinperutui'e, so that the ratio 
of tempers tui-e change to heat change is not constant in all parts of 
the cycle. These are scuts of the reasons why figures obtained for the 
ideal cycle are not quantitative estimates of the performance of a 
practical engine operating at the same temperature and pressure ratios. 

f*6SK"aaw(fVfr i>»'."-* •< 
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3.1    üixoiiic He .t e-hang'-s 

The perloiiuanco of the ideal cycle has bum aab'-ssed on the 
assumption .tbat the speoifio boat of the working fluid ia constant at 
0.24 (Y • 1.4)  :-t all points in tho cycle,  this being th-  specific heat 
of air under N.T.P.  conditions.  In actual fact, however,  the specific 
heat of pure air incrur-.s^a with temperature, ana in addition the; 
admixture of the' products of combustion of any fuel which m:.y be burnt 
in the Lir stream, increases the- specific heat still further. Figure 3(a) 
show.; the variation of tho true- specific heat of air with teap.rr.turc 
and in passing 3hows also the- influence of the- products of combustion 
of a typical hydrocarbon fuel. To allow for the true specific heat at 
all points in the cycle necessarily mak-s any performance calculation 
a somewhat laborious business, AS an »pprox.uti.tion it is possible- to 
use values of fflsan specific heat for the compression, heating and expansion 
parts of tlie cycle estimated fro... the appropriate temper.: turu change.. A 
further approximation which is sometimes used for added simplicity,  is «. 
the adoption of average figures for the aeon specific heat in compression   ,£ 
and expansion which are used independent of the actual temperature changes. 
Figures of 0.2if for compression and 0. rfC for expansion .- ra typical 
values for these average moan specific heats. 

Figure's 3(b) and 3(c) show the variation of air standard 
efficiency and of work output with cycle pressure ratio :.t a temperature 
ratio of 4 when these various assumptions are made regarding specific 
heat. The work output is shown as CHU/lb,  of air wach would be given if 
the inlet temperature  of the cycle were 288°K ana it corresponds to the 
difference between the her.t drop in expansion and the heat rise in 
compression.  Curves are drawn using the following different assumptions» 

1. Constant specific he-t of 0.240 CHU/lb/°C 

2. Constant specific heut of O.276 CHU/lb/°C 

3. Appropriate mean specific heat in compression, heating and 
expansion. **» 

*** 
4. Appropriate mean specific heat in heating but constant mean 

specific luat of 0.240 in compression and of 0.276 in expansion. 

5. Actual total heats. 

In the three latter oases allowance is made for tlu- sr.iall 
increase in the utoaa of working fluid due to adding fuel to the air 
stream.  It is seen from Figure 3  that  the ap.a-oximationa 3 and 4 above, 
both give curves lying very clos.- to the curve 5 using /.ctual Total 
Heats, and that they fall betw ..n the curves for constant specific 
heats. At the lower pressure ratios there is a tendency for the 3 curves 
to approach the curve for a constant value of 0.276, but at higher 
pre-ssure ratios they occupy a moie intermediate position between the 
carves for Sp.Ht.   of   0.240 and Ü.275 over the whole cycle. This is 
not altogether an effect of changing specific heat, but is duo in eo.rt xo 
the influence of the mass of tho fuel (2$ of the iiass of air at pressure 
ratio = 2,  1.3$ at pressure ratio of 20).   In all cases, however,   tho 
air standard efficiency is lowei  than that which would be obtained if air 
had,  at all temperatures, the specific heat of 0.240 occuring at N.T.P. 
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3*2 Oopponent Bildendes 

Villen practical consideration» of component losses ere token 
Into account the cycle on which an engine operates, in the simplest onset 
the plain cycle, is sinilF-r to that shown in i'igure k.  changes in specific 
heat being tulcon into account in plotting the constant pressure lines« 
The teiuper.ture after compression, T2, is greater than the teaper-turo, 
X2* » which would have- been reached in isentropic compression over the 
same pressure ratio. More work has had to be done to obtain a given 
pressure ratio then in the ideal case of isentropic compression. The 
pressure Pi is lower than the pressure after compression, Pg, by the 
amount of the pressure loss incurred in the heating process. Inefficiencies 
in the expansion process, cause the tempo.aturo drop and consequently 
the work done in the expansion to be less than if the expansion were 
isentropic. The final temperature, T^, is therefore greater than the 
temperature T/  corresponding to isentropic expansion. It will be seen 
that logical definitions of the efficiencies of compression and expansion 
are therefore ;- 

m"t' 

5* 

Efficiency of compression,   ^12   » pic Terjpert.tytre riise 
Aotuol Tempt.rf.ture kiae 

T2 " Tj 
T2 - Ti 

-1 

(whore R is again the pressure ratio) 

Efficiency of expansion     "^IK 

T2 - Ti 
z3 

* Aotuol Temperature Drop 
Isentropic Temperature Drop 

• T. - T. 

I3 - T£ 

WJ 
3*3 Statio and Stagnation Conditions 

If, as is often the cose, the working substonoe is not at 
rest at any stage in the cycle which it is necessary to consider, 
distinction must be made between the static and stagnation conditions 
of the gus at that stage. The statio pressure and temperature of the 
gas are those which would be recorded by on observer moving freely in 
the gas stream at the seme velocity as the gas, whilst the 
stagnation, or total head, temperature and pressure are those which 
would be observed if the gas were brought to rest instantaneously and 
without loss. 

*sr • --LT."* 
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The total head temperature t^ of the fff>»  is gr-ater then the 
stt.tlc temperature T, by the temperature equivalent of th«= gas velocity, 

:>-nd the total head pressure, P^, uay be related to the static pressure, 

P, in a compressible fluid, by the relationship 

At lovt gas velocities this approximates to the formula for an 

inccc.pr. sslblc fluid, 

Pt = P + ipV
2 

where p ia the. density of the gas but at the velocity of sound in air 
Pt ia 3°*» ^JS greater than the value which would be obtained by 

assuming air to be incompressible. 
In defining component efficiencies in en engine where the 

working substanoe is in motion, therefore, it is clearly of importance 
to state whether total head or static conditions are being referred to 
and this ia a point which will receive further attention in the following 
seotions where the particular case of the "co»istr>nt pressure" cycle gijj 
turbine engine- will be considered in more practical detc.il, 

4.0 GAS TURBINE ENGINES At the present time all engines which may be classified as Gas 

Turbines have in eo..u.ion three major components, (L compressor, a 
combustion chanibur and a turbine, and of these the only component wldch 
might suffer a radical change sdthout altering the dr.ssif ioc.tion of the 
engine, is the combustion chamber. In other words the present practice 
of introducing heat to the working fluid by turning fuel in it, might 
be replaced by a method which supplies heat from CJI external souroe, 
but so long as the engine incorporates some form of compressor and some 
font of turbine as major components it may rightly be regarded as a 

Gns Turbine. 

I».! Present Enainea 
Confining the discussion for the time being to Gas Turbines 

in their preB. ut form we iaay note how the various processes in the 
cycle are performed, the working substance in all oases being air. 

1. /^...presaion 

This «ay be done by 

I 

This may be done by 
a centrifugal compressor, single or double sided depending 
on deBign, single or multi-staged, depending on pressure 

ratio required. 

II An axial compressor, invt-riably multi-staged 

III A combination of centrifugal ana axial compressors 

IV A diagonal flow design of compr.sBor intermediate between 

the centrifugal and axial. 

A displacement compressor. 

J£i 
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2, Heating 

In all known gc.a turbine engines and project», heating of the 
air is ct rried out by burning liquid fuel, (paraffin or petrol) or gaseous 
fuel in the air and allowing the heat generated to be oomnsnioated to the 
«hole uass of the; air. 

3. Expansion 

A proportion of the work obtained front the expansion of the 
hot ataes, is required to drive the compressor and this work is extracted 
by the component which giv«a its name to the whole engine, the turbine. 
To date :-il engines h-vVv incorporated single - or multi-staged axial 
turbines. No radial flow turbines hv.vv been used. Further expansion 
beyond thut required to provide the work to drive the compressor any be 
carried out in a further turbine or in later stages of the first turbine 
and the power absorbed in the most convenient way, (e.g. by r-n electric 
generator, or in the oasi. of aircraft applications, by a propeller). In 
the particular oase of aircraft jet propulsion, the final expansion is 
carried out in the propelling no sale and imparts a high velocity to the 
air which leaves tftfc engine as ft propulsive jet. It is clear that in 
engines of this type the air is never :.t rutt but flows in a steady 
stream through the engine, and further tiiat no engine for use with jet 
propulsion can operate on a closed cycl.., U3in(j the same charge of air 
continuously, but must inspire fresh f.ir to replace that being 
exhausted f rota the engine. 

it* 2 Definitions of Kf*icienciea 

.»is at all stages in a gas turbine engine the air is in motion 
it beoomea necoss- ry to distinguish between total head and atatio 
conditions in defiling component efficiencies. In general the following 
conventions ore adopted. 

4*2*1. Compressor Efficiency 

Compressor efficiency is defined using total head conditions 
at both inlet and outlet. This is a convenient arrangement because the 
total head teu..--ratur-j rise in the compressor is a measure of the work 
being absorbed, Further it is generally easier to measure total head 
pressures than static ones, so that conipieasor tests yield iaoi.e reliable 
estimatea uf total head efiiciency than of static efficiency. 

k, 2.2. Combustion rtreaaure Loss and Coi.ibustion Efficiency 

As the combustion proaeas is far froiu being an adiabatic 
change it is not possible to relate the changes of pressure and temperature 
taking place in combustion by any form of adiabatic efficiency. Instead 
the aat.ll loss in pressure in the combustion chamber is usually referred 
to in absolute units of Combustion Chamber Pressure Loss and the term 
Combustion Efficiency is reserved for the ratio of the actual temperature 
rise to the temperature riae which would be obtained if all the fuel 
Were completely burned, 

1 
1 
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4.2.3. Turbine Efficiency 

Again it io generally uora convenient to use total hct-.d to 
total head efficiency when considering the turbine, for the s^ie reasons 
r.3 in the co&pxvsin'r.  In so...e c:s-:s however, for example when th-  turbine 
ia t-xh&uatiiif; to at ..Sbpher <,  it ic i.'.uA. conv.niu.nt to relate the actual 
teiiperatur.   drop t J tin.  is ntropic orjp corn sending to the- ratio of 
the tot£;i hi   J irü^t pr. sour   to it:;ti; outl.t pre3;.uro.  The actual 
temperature uroi, ia no»« the SUä oi the tcu.l he?.a te..ipoi-: tuie drop (the 
work) and thi.  t_...peratur.. eyuivai,nt of the outlet velocity.  This to col 
head to atatic -i'l'icitncy it; sowwh.'-t higher• than th« corresponding 
total head to  total head efficiency. 

4*2,4. Jet Pip.- hi'i'iciincy 

In th-. ap^cial cas>.  of Jut propulsion, an efficiency has to be 
applied to th. last expansion i.i the jet-pipe and iioszle.  Since, apart A 
froi.i a negligible loss oi heat due to ir.diation, no hect is iuuoved in *i 
the jet-pipe th~ total head tcuL«--raturi is const: jit at cli stages along 
the- pipe.  Th-   only .<ay en efficiency can bo applied therefor« is by 
relating the r.etual and is-intro^c temperature changes between total 
head conditions C.t inlet ".nd static conditions at  jutlet. 

4.2.5. Combined lifi'icie flexes» 

In ci-rt .in /'•<. iie-rai c-lciii- tioiio it i3 conv.niunt to apply a 
combined efficiency to t-..o or .MO... components. An -xa..iple of such an 
efficiency is an ovi.ic.il expansion efficiency covering both the 
tesupert'ture droea in th.. turbine or turbinoa and the teiupcmturo  equivalent 
of thu exhaust velocity.  Occasionally, V/he-n it «r.y be assumed that the 
exhaust velocity fro- f. turbine will be relatively sitf-ll,  it is often 
useful to (LöSUI;;.   'JI efficiency which expresses the total he-ad temperature 
drop in .". turbint.  aB a i «. I c -iita;4    of the ioe-ntro'ilc teaperatUie drop 
between total head inlet and static outlet conditions. i''in.'J.ly the 
pressure loja in the combustion syaW.1 iuay be charged a^ainit thu 
compressor to ,j,ivt- a combined efficiency easy to use in woik of e. general    * 
nature. Thus « 

TH3t   CawbxneU. efficiency cf ceupreseor 
and combustion chamber i 

Xsentropic Rise corresponding to 
tot. .1 head pressure ratio .across 
both components  
Total in. ad "fi'mptfiise in Compressor 

5.0 m&omjacE CAICUIATIOIC ON CYCLES T.ITH LOSSES 

Having, tnu..ier:.tcd the vtj'ious v/ays in whicii losse3 are 
incurred ia a &as turbine raid defined tile  .yays in which compontint 
efficiencies r.iay bt: expressed, it in no,» possible to. investißfite^tho 
influence of th.   inefficiencies of r.ny enfilno upon the ideal perfojsnanoe 
for the cycle given in pera^-apn 2. 

It vri.ll be assumed tliat the ty^e  of enfiine considered is one 
in which eo.<er is ..jctnvcti d by '   turbim , the e-neino being regarded as 
a stationary po*..r plant op. r tints under noiual sea level atuosphoric 
conditions at inl^t. 

**•* > 
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5.i    Effect of Vi.iyini.; Compressor and Turbine- Efficiencies 

5.1.1. Assumptions 

1. efficiency of rower Turbine • constant s oOjS 
(assuming neglit.ibls leavinc velocity) 

2. Combustion Efficiency = 9ajJ 

3. Mechanical efficiency of tr nsuission 
of work frei., turbine tc compressor a 995S 

4. The corjpressoi* \nd turbine efficiencies Are all total head 
to total lu.-.a ;iur.ntitit3 '.na tiie oouprcsäor efficiency 
includes combustion chamber prea.urc loss. 

5. Mean Specific lie .t of cir i-.t const.'-nt pressure    = 0.240 

6. Mean Specific iieat of hot gescs at constant pressure = 0.276 

5.1.2.  Specimen Calcul .tion 

To detemine the output and efficiency of the cycle operating 
at a turbine inlet tot;.l herd tcsuperature of Tj*cuid a pressure ratio 
across compressor and coi.ibuation chaaber of Pjt/^lt» 

Isontropic tciiosraturc rise from inlet  terapcraturo, T^^ , at 
15°C (268°K)  conespondine, to pressure ratio Pj^/P-j^ 

• Therefore the actual temperature rise in the compressor, l2t"*^1tt 

* 288       j~( P^t ) 0-285    _ H 
•nijt    *» Mt J 

f 

The work in CHU/lb/sec,  required for this compression 

ekp   air     p2t " «it| 

A.»I        1  2f JK ,uas3CS of '~ir =nd «a« *re reSt.rdod as equal (moss of 
fuel neglected")  the te.4x.1r.ture drop 1« the turbine driS tte 
compressor   T3t - T4t. is uiven by the work option 

kP Sas   |_T3t " T4t^  =    kp Rir        jT2t    - Tn"] 
n .,.^h#     - -> 

fT2t - THJ 
TJt " T^t 0.240 

0.276 x 0."99 

"   Footnote If the r.ie.ss of fuel is not negligible the work equation 
should contain a factor (1+q) on the right hand side 
q being the mass of fuel burnt per sec. for every lb per 
seotof oil- flow. 

.«"*•' 
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The leentropio drop, T3t - T£t' in thi3 turbine uust be 

*»'•*  * wir    |>"*] 
-nd the total head pressure ratio across it, Pjt/P^., ia given by 

*U 
•ft^ - • ty 

The pressure ratio across the power turbine ia £•,*/?„. if it i„ 
Hi   £^ *° tuf *«" '**»«*. 1» ti,./atmospheric pr!8s^P*    ^nce 
^oi^tuJbil :',' V'  th* t0t£a h'-a *-P-atu« at inlet2o tho 
80* th ^i nf  t\^u ^"I*  Htn°" ^^ **" &** ***>*>» efficiency rf 80« the actual total head teupareture drop in the power turbine ia 

T4t " T5t = 0.80 T4t 1 -/PU \   —!_' 

r 

The vwrk done by the engine is,  therefore,  equal to 

0.276 j^T4t - T5tj   CHU per lb./seo.  of air 

°-2?6 (JM - T5tj "1W      BHp MT%       .  g ••• Biir pur lb./aeo. 
330 

The burning it the fuel causes a temperature rlu.   of Tjt - T^x 
and therefore <jp    ,  t»:s r.iinisun fuel required par lb./seo. of .".ir is 
given by 

Q£   x   Cp = kp • T3t - T2t i     lb./seo. 

where Cp   =   Calorific Value in CHU/lb 

and     kp    =    Mean specific heat during coubuation 

Allowance jnust be iviadc for the  unbumt fuel ao th:.t the 
.".otual fuel consumption (jp is given by 

Oj?    •    1 
joiob 

« 
0.98" 

Qfr lb./sec. for lb. 
/sec. Airflow. 

The cycle efficiency is,  therefore 

•n =   Work done. CHU/lb./sec. 
BSi added.  CtOI/lb/sec. 

"   0-276    JT4t-Tst"l       x0#oa 

$    fTjt _ Ti?t~j 
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5.1.3.   Result» 

By carrying out this calculation for & range- of pressure 
ratios and inlet temperatures and for three different values at both 
compressor and turbine efficiency an estimate may bo made of the influence 
of the two main o -uponent efficiencies on the oVsr;.ll efficiency of the 
cycle with louses. The results usuig ca..tuessor efficiencies of "753^» 
ö2.53t and 90#,  turbine efficiencies of 82v», til*, f«* 92% and turbine 
inlet temp.K.tur-.a of SOO°K,  1000°K and 1100°K -re shown in }?ifc-uro 5. 
To illustrate the relationship of the :;..<• curves to those of the ideal 
cycle, curves for th- latter -r.   also plotted,  the work output parameter 
beine converted to tlw more praoticoi form of BHP/lb./sec.  airflow, 
(Specific BiJP) and ix.de to correspond to an inlet tei.»perr.ture of 
288°K end a to=:n specific heat for th~ cycle of 0.276 since- for pressure 
ratios between 1 and 10 this approxiiaattia '.uo-ie closely to reality than 
does the value of 0.2k, 

5.1.4.  Discussion 

The introduction of losses is seen to cause on appreciable 
diminution in both the output and the efficiency obtained from a &iven 
cycle. 

5.1.1*1. Effect on Efficiency 

Considering a typical pressure ratio of 5:1 Figure 5(c) shows that 
with the highest comb-nation of efficiencies considered - compressor 90$ 
turbine 92j5 (power turbine efficiency 80$) - the cycle efficiency ia 
reduced frou the t.ir standard value of 33;» to 23. ü£ when tho maximum 
temperature is 1180°K or Zi.5% at 900°K. The maximum temperature has 
mainly a secondary effect on the cycle efficiency provided that pressure 
ratios are reasonably low and oouponcnt efficiencies fairly {jood. As 
pressure ratios increase, however,  the temperature chan&es in thu turbine 
and compressor increase and the cycle efficiency beco..;~s i.ioie susceptible 
to changes in maximum temperature, and LISO to changes is» the efficiency 
of the two components.  Thus at 10;1 pressure ratio and maximum efficiencies, 
a lowering of Tjjt from 1100°K to 900°K causes a drop in cycle efficiency 
from 30.5* to 2&5!*.  *-t this pressure ratio a drop in turbine efficiency 
from 92;   to b2f still usina 90   compressor efficiency lowers the cycle 
efficiency from 30.5'' quoted for 1100°K. to 26.5;' whilst the figure of 
28.5V? for 900°K is reduced to «JO.S?. At 5s 1 pressur.   ratij the  effect 
of lowering the turbine efficiency in i<;33 arastic (23.3£ to 21.5' at 
1100°K and iS.2f. to 19.5" at 900°K). 

'     i'ifcurcE 5(c), 5(e) and 5(c) illusti-ate that the effect of 
falling.,compressor efficiency ia cwparable t... that of falling turbine 
efficiency. At the valu.s of Tjt = 1000°K ana turbine efficiency of b"7jj, 
mean values of their respective- ranges, a fall of compressor efficiency 
from 90f to 75f lowers the cycle efficiency from 22J« to 17.5f for the 
5s1 pressure ratio cycle and from 28.5?' to 18£ for a pressure ratio 
of 10:1. 

^**^-^^-:;- • i'^j^-^vjujL...^gij*.; 

'"" "."*-_* - *• 
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5.1.2». 2. affect on Output 

T..e diminuti-n in the power output jf the cycle due to 
oouponent efficiencies is df comparable size to the diminution in cycle 
efficiency. S.a  in theideal ocsc, however, the :.:Oxiniuu temperature of the 
cycle i3 of major importance in defining tho work output. At a pressure 
mtio of 5s 1 **& ••• maximum teopercture of 1100°K tho specific output is 
105 BHP/lb/nco. instead of 155.5 BHP £;iven by the ideal oycle. This 
reduction amounting to 32.5? i3 sjmerfh»-t Biggor than the reduction in 
cycle efficiency under the BUM conditions, -.;hich is 2&T'. This is duo 
to tho fact that inuf. iciency in c mpr. asion ObcxtM  that, to obtain a 
given pressure ratio, the compressor delivery temperature must be higher 
than when compression Is isontropic so that thu fuel then required to 
raise the temperature of tho air to a given nrnrliaaa is reduced. The fall 
In cyole efficiency is consequently not so sroat as tho loss in output. 
(The figures quoted nay slightly ov.r emphasise this effeot because the 
Changs in output is .".uuuented end the change in efficiency is reduced 
to a s.ual.1. extent by the variations In specific bsnt already considered. 
However, at the same time the efficiency of the cycle with losses 
assumes 2* of the fuel is unburnt and this incrjaaes the apparent change 
in efficiency.) Tne percentage loss in thrust of a cycle with fixed 
pressure ratio Increases both with doorooalng maximum temperature, and, as 
would be expected, with decreasing compressor uid turbine efficiency a. 
at the some time tho pressure ratio which gives optimum work for a given 
i.iaximum temperature is reduced. 

5.1.4.3.  Pressure r:.ti.es for a> r woxk 

The latter effects con best be followed if the curves of 
speoific output ar>: coiuddered us approximately similar curves all 
cutting the axis of aero speolfia output r.t a pressure ratio of 
approxiia&tely 1 and again at a pressure ratio depending upon the 
component efficiencies and the maximum temperature. The closer this 
second pressure ratio is to 1 the lower is the mnxlnwm output and also the 
pressure ratio r.t which that maximum occurs. Tho pressure ratio Rt' which 
the work output is zero can be derived from the work equation already 
used by considering tho case shore all the work done in expansion is 
required for compression. Under thote conditions 

G^s   \x3t l4t "   bL 
n Klech "0 

and T2t-T1t • hi 

and 

*H3 

T3t - *W   • « 34T3t   I 

Using th* asiae ltu's as before 

L(R)Tffc 1i 

T,34T3tT,13    =   0-24 Tit _      L R°'265 - 1       .1 
6.2^6 x 0.JJ9 ,- 1 _ 1X.ZW35   -. 

A 
• • 
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In Figure 6. this value of r\ \y   ^34 is plotted against the pressure 
ratio R for different values of T3t assuming Tit = 288. Thus, if the 
ijaxiinum temptrcture of the cycle is 900°K and the component efficiencies 
both 0.80, work may be obtained from the cycle at pressure ratios up to 
13:1 but if the oroduct of the efficiencies fails below 0.32 no work 
is obtainable at any pressure ratio. The pressure ratio for zero work 
decreases with decreasing maximum temperature and decreasing component 
efficiencies. Figure 6 also illustrates why, for any given values of TI13, 

T) «^, and Tjt» the performance of the cycle deteriorates more from 
that of the ideal cycle at high pretuUra ratios than at low. The horizontal 
lines shown are for H13 = 90^ Ijt • 92# ( r^y TI», * 0.828) and for 
the ideal cycle when ^ 13 = T,34 = lOOJt At any given pressure ratio the 
work output will increase tvitn increasing "H^ ^ 34 from zero on tiie 
appropriate temperature line to 80jS (power turbine efficienoy) of that 
of the ideal cycle when 1113. ^ik *  " *•* a pressure ntio of 2 therefore 
the output corresponding to T113 = 9°« "H 3^ = 92 would bo expected to be 
a closer approximation to ideal cycle output than at a pressure ratio of 
20 when the value of y\^y    TU. for zero output is so much higher. 
Figure 5(d) confirms thai such is the case. 

5.1.Jt.lt.  lTeaaure Ratios for Optimum Efficiency 

Finally the form of the curves for cycle efficienoy in Figure 5 
can alao be related in gain 1 terms to the information given in Figure 6. 
i'or when losses occur in the components, the cycle efficiency must become 
jero at the saiue conditions of temperature and pressure ratio at which the 
work output is aero. Tnis is not the case in the ideal cycle, for there as 
the work tends to zero with increasing pressure ratio, at constant 
maximum temperatuiejthe cycle efficiency continues to increase because 
the heat to be added is also tending to zero. But when losses occur heat 
has still to be added to the cycle to counteract these losses, even at 
conditions which give no work. The efficiency with which this heat is used 
is then zero. It is clear,therefore, that there must be, for any given 
values of T113 , T134 an* ^3t a v&J-ue of pressure ratio giving optimum 
cycle efficiency as well as one giving optimum wodc output. The pres urc 
ratio for the former is always greater than that for th>; latter, a result 
which is in agreement with the conception that the introduction of losses 
causes a bending over (or "wilting")  of the performance curves for the 
ideal cycle, (Figures 5(&) and 5(b)) when it is remembered that the 
output of the ideal cycle has a maximum at some finite pressure ratio 
but the air standard efficienoy only reaches its maximum at infinite 
pressure ratio. 

Plotted also in Figure 5(c) and 5(<i) are the appropriate 
curves for the most optimistic component efficiencies but witli 1500°K 
maximum temperature. They illustrate the large increase in output 
obtained by using high turbine temperatures, but also shows that at 
constant pressure ratio as the temperatcue is increased the cycle 
efficiency becomes almost independent of maximum temperature .jroviding 
that component efficiencies remain unchanged. 

5.1.5«  tTcl'rtbl« Trend of Component äfficiencies with Pressure Ratio: 
1 olytroyic Jiffioiencies 

It is likely that as the pressure ratio of a type of 
oompre:•_• jr is increased the adiabatic efficiency with which that 
press r. ratio is attained will decrease. It is probable that the 



i.j.K. ^2^u• 

£c 

small stage, or poly tropic efficiency of a typo of  compressor wili be 
more independent ot  pressure ratio than i.s th a ii.ubc.tic. This efficiency 
T'"'J12» *s defined for a compressor as 

n K 12 
Y  * n-1 

n-1 
where the actual temperature ratio, / 1*2 \  i3| P2 \ 

NTT/     VJPT/ 

In expansion the ,-olytropic eft xoiency bocomos 

n<:- 34 
Y n-1 

i-'i^urc 7 shows the variation oi' • •-.liiabatic efficiency with 
pressure ratio corresponding te constant i*>lytropic efficiencies of 
ii5% in compression and expansion. At a pressure ratio of 20:1 the 
corresponding adiabatic efficiencies ar« ?b>» and U9)o respectively. 
Theoretically, the rise in aliabatic efficiency of expansion with 
an increase in the number of turbine stages, is as lii:ely to occur 
as tile fall in the adiabatic efficiency of corap;eauion with increased 
pressure ratio. In ^notice secondary effects such a3 boundary layer 
thickening will modify these results« However the assumption of constant 
polytropic efficiency provides a way of approximating to reality when 
it is too cumbersome to work with a range of adiabatic efficiencies« 

?igure 8 shows thw variation of efficiency and ci;iecifio 
output \dth pressure ratio for cycles using polytropic efficiencies of 
05Jb in compression and expansion, "his figure for expansion covers both 
compressor and power turbines • nd is based on total head conditions at 
inlet and static conditions at outlet, but a stall deduction is made 
from the possible work to allow for the temrjo-rature equivalent of the 
leaving velocity. A coubuation pressuit- loss varying between 2 and i^E jf 
the compressor delivery pressure is also assumed. The curves from 
figure 5 for *) 13 = 82.5*  ^ = 873 and l.« - 75,1, n., = 92JS are 
replottod and extended to provide co.3parison ..1th the result;:- using 
polytropic efficiencies. . s would be expected the former curve provides 
the closest agreement at low pressure ratios and tin. latter at pressure 
ratios approaching 20:1. 

5.2 Effect of Heat Kxchanfce on the performance of the 0,/cle with Losses 

The assumption of o5/'J polytropic efficiency of coi.iponi-.its 
provides a reasonable basis for a study of th. effect of introducing 
a he t exchanger into the cycle, and such an assumption will, therefore 
be made. 

5. 2. 1. Pressure Loss 

The perfect heat exchanger, assumed in paragraph 2 must now be 
replaced by something more practical. Firstly, the passage of the gas 
through the body of the heat exchanger causes a loss in pressure. A 
given absolute loss la mo; e u.n ortant in the hot exhaust gases than in 
the compressed air as its influence upon the effective pressure ratio 
across the expansion is so much greater. In this investigation therefore. 

:**»••* ' 
•• 
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a heat exchr.nger will be assucied to cause a loss of 1 lb./s^, in. 
pressure in the exhaust gas, thus increasing the back pressure 
of the turbines by this amount. The loss of pressure in the compressed 
air «ill be regarded as part of the combustion pressure loss. 

5.2.2. Thesis! Katio 

A practical exchanger is not capable of carrying out the 
c_...pl. t.- exchange of hc-;.t between turbine exhaust gases and compressed 
air. A heat exchanger efficiency or Thermal ttr.tio must therefore be 
assumed and this is usually defined by 

XHornal Katio = Temperature his-. in Compressed air 
Original Temperature Difference between Gas <* Air 

A more exact definition would use changes in Total Heat, in 
which case it would be unnecessary to state whether the actual change 
occurs in the caripressed air or in the exhaust gas. Using temper, ture ; 
changes, as is the common practice it is necessary to state in which 
.lediuni the actual change is measured, because of the differences in 
specific heat between the two media due to the presence of products of 
combustion in the exhaust gas. A thermal ratio of 75i* should be attainable 
in practice using a contra-flow design of heat exchanger. 

5.2.3. Results 

Claims of higher thermal ratio and lower pressure drop are made 
for certain experimental designs of exchanger, but the figures quoted» 
75$ and 1 lb/sq, in. Ions, will serve to illustrate the practical possibilitis 
of the cycle with heat exchange, and these art used in presenting Figure % 
The influence of the heat exchanßer is si.ailar At all three uaxiEium 
temperatures considered, so the values for 1000°K may be token as typical. 
The pressure loss in the heat exchanger reduces the specific output of 
the 5J1 pressure ratio cycle from 72.5 BHP/lb/sec. which was the optimum 
for the i-.i;.ipl.: cycle at 1000°K to 63 BHP/lb/sec. The optimum output of 
the heat exchanger cycle, however, occurs at 6:1 pressure ratio and is 
64- BHF/lb/sea.  The cycle efficiency which previously was at a maximum of 
23.2,2 at 10:1 pressure ratio, has now, with the addition of a heat 
exchanger of 75$t thermal ratio on optimum of 27.55S at a pressure ratio of 
just below 4:1. At this pressure ratio the output of the cycle with heat 
exchange is 61 BHE/lb/seo, which i3 the same as the plain cycle output 
at 10:1 pressure rt.tio. Summarising we may compare the cycles with and 
without heat exohangcr at their respective optima, for both efficiency 
and output, and tabulate the results us under : 

Maximum TafflDftxmtun  1000°K.    iJolytropic Component efficiencies = 8558 
.iithout Heat Exchange .'itli Raat Exchange 

Optimum 
Cycle 
Efficiency 

Efficiency 
Output 
PrsHKure Katie 

23.2« 
61 BHP/lb/seo 

10:1 

*7.5* 
61   JuVlb/sc-o 

3.8:1 

Optimum 
Specific 
Output 

Output 
iifiiciency 
Pressure Ratii 

72 BHP/lb/sea 
20.5* 
5:1 

64 BHP/lb/seo. 

6:1 

\ 

 —    v^     •  »«J«,  -    - 
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Taus the impressions g&iMd from the stuvij of the ideal cycle, 
that the main advantage of a heat exchanger is that it give« higher 
cycle efficiencies than arc obtainable without ita use, and that these 
efficiencies art associated with Low cycle- preaaure ration are confirmed 
in -practice, although the magnitude of the advantageB ia reduced. 

5>.2.4.    Effect of Heat r^chaiv.er   're-asure Loss 

In jfigurc 10 the influence of varying thermal ratios upon the 
efficiency of A cycle with typical losi.es i3 sho«n tor the single 
case when the maximum temperature is 1000°:v i*nd will be diacussJd in the 
following pnxogsapo.  In this figure however the difference between the 
values on tlu tv;o curves, shov.ing respectively the performance of the 
practical cycle with no heat exchanger and with a heat exchanger of 
aero thermal ratio »presents the loss in cycle efiiciency caused by 
the heat exchi-iger prtsuuix 1OB.I of 1 iD/s^. in.  reducing the specific 
output of the cycle. At a prwsure ratio of o;1 the oycle efficiency 
is reduced by  this loss frou 23;S to «X).5?£. In figures 'j and 10 the curves 
for the cycle with lo30ea but without huat exchanger show aero efficiency 
at ft pressure ratio of approxiiuitely 1.1 as it i:> not until this pressure 
ratio is exceeded tliat the small absolut.   loLSeS assumed ^combustion 
chunber pressure loss and leaving velocity loss) are overcome and the 
work output beco.wS positive. The ad^itiunai lost, in the heat exchanger 
causes the efficiency of the modified cycle to be aero at a pressure 
ratio approximately 1.25, if the efficiencies of the main components 
assuuied are still considered valid at ;;uch low pressure ratios. 

5.2.5.    läftcot of Thermal i-.tio 

Between this latter e^esaure ratio and that at which ft heat 
exchanger becomes ineffective due to the temperatures of the exhaust 
gas and compressed air being equal,  an improvement in the mal ratio 
results in an improvement in cycle efficiency. The improvements only 
become attractive, however, when the ther .-.ml ratio ia between 75^ and 
100J4. At a pressure    ratio of 3:1 an imtjroveiaent of thermal ratio from 
75?» to 100jä causes aa big an increment in cycle efficiency as does a 
change from 0 to 75$. 

She optimum efiiciency of the cycle occurs at successively 
lower pressure ratios a., the thermal ratio of the neat exchanger is 
increased. The performance for 1005b thermal ratio, as uifcht be expected, 
tends to that of the ideal cycle with heat exchange more consistently 
than dooa the performance with le:is eixicient oxafle.ngers and at 100JJ 
thermal ratio the optimum efficiency oc-urs at a pressure ratio of 
2:1.  This optimum effioiencj however,  iB associated with very low values 
of specific output which as 3'aown in i'igure 9 falls off shcrply at 
pressure rftios below 3:1« 

It ia obvious, therefore, tiut by using pressure ratios of 
3 or I«, to 1 a coopnsiidae oua be struck so that a huat exchanger oauses 
a reasonable improvement in cycle efficiency, without causing too big a 
fall in output.  It is also clear, from Figure 10,  that the thermal rt-tio 
of the exchanger must be ...rec.ter than 6e> before the -\tL.u,j cycle 
efficiency becou.es greater than the optimum obtainable without a heat 
exchanger in the cycle.  Improvement? in ther.iv-l rt.tio abo^e this 
value pe.y an ever increasing dividend in terms of ii-proved cycle 
efficiency. 
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5.3   Effect of Uohett and Intcrcoolina 

It has been shown th-t the influence of a heat exchanger on a 
cycle with losses is aiir.ii.r to thct which a study of its influence on 
the ideal cycle loads one to expect, but to n modified extent. 

It is no« of interest to investigate whether reheating r.nd 
intercooling have the sw.n.  type of influence on the performance of a 
practical engi.io as on the idcJL cyclo.   j.'o do this it is necessary to 
study tb.  ideal cycle in a little ..*>»« dotr.il than before, f'rom figure 
2 it appears that the  incr^-nenta in output oi.used by introducing 
intercooling intu th- ideal cycle ior a    iven teuper-.ture onu pressure 
ratio is always less than that caused by it-heating,  both increments being 
smaller than the i.aprov-.i*.nt E.'.iiiol by using th<- two modifications in 
conjunction an<i that the cycle efficiency decreases as the output is 
increased by the i.iodifications. This Joes not hold, however, over the 
whole of the range of pressure ratio in which it is possible to obtain 
work frou the cycle. i 

5.3.1. Ideal Cycle 

tfiguie 11 shows the variation of work output and efficiency 
for the four types of ideal cycle over their complete range of pressure 
ratio. Xhe low teiape. ature ratio of 2 is chosen so that the pressure 
ratios are reasonably small, but the figure is typical for all temperature 
ratios. Above the pressure ratio at which the» simple cycle gives zero 
work intercooling is found to give ,jore work than reheating and still 
yields a greater cycle efficiency than reheat, although the cycle 
efficiencies of both decrease with increasing pressure ratio. It would be 
futile to operate the perfect cycle under the conditions when intercooling 
yields aioie work than reheat, as ir.oie work and higher efficiencies con 
be obtained at lower pressure ratios, .-.oreover the intercooled cycle 
would require work to be done to exhaust the gas, whilst the reheat 
cycle would require cooling end not her.ting to t;;ko place between the     ; 
compression and expansion. 

j 
5.3.2. Cycle with Losses •< 

In the cycle with losses (Figure 12), however, the pressure 
ratio above which the output *ith intercooling exceeds that with reheat 
is much lower. Fran .figure 12(b) it is seen to be about 12|1 whereas in the 
Ideal syclo for the temperature of 1100°K assumed he-re    the change over 
would not occur until a pressure ratio of 110:1. koroovur in the range 
of pressure ratio from 12s1 to the ..cximum plotted (20*1) the output 
from the intercooled cycle is appreciably greater than the optiimim 
obtainable from the  plain cycle and the efficiency too is slightly 
higher. Reheating is assumed to return the g?.s to its Maximum temperature     , 
and intercooling to cool it to a^iproxira.tely its original inlet ! 
temperature. * 

It h-a been noted previously that the greater the ran^e of 
pressure ratio over which a cycle operates ideally, the leas drastic , 
are the effects caused by losses introduced into the cycle.  The present : 
comparison of repeating -nd inter-cooling appears to be further 
oonfinflation of this fact.  Ideally the intercooled cycle for 1100°K i 
maximum tompeiature and 288°K inl.t temp.ratui*e gives work ov^r a range of  i 
pressure ratio up to 8ö0J1    and the ivheat cycle to 350:1. Vith the 
assumption of S5Jt polytropic efficiencies of components and small 
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absolute pressure losses in intcrcoolers, combustion chambers eto. the 
work output of the cycles becomes zero at approximate pressure ratios of 
200:1 and 60;1 respectively. This represents a proportionally larger 
change in the reheat cycle than in the intercoolei one, and suggests that 
the performance of the reheat cycle at any intermediate pressure ratio 
will be more effected by the introduction of losses than will the 
performance of the intercooled cycle. Consequently although in an ideal 
cycle reheating appears to be superior to intercooling as a method of 
increasing the specific output of th<- cycle, when a more practical cycle 
is introduced the advantages of reheat arc greatly reduced and 
intercooling appears a more attractive method. 

5.3.3« tieheat and Intercooling 

The introduction of both reheating and intercooling 
simultaneously, however, presents the moat attractive possibilities« 
Ideally the optimum specific output of the plain cycle and the air 
standard efficiency obtained can be doubled bj using ieheat and 
intercooling and squaring the overall pressure ratio of the cycle. 
Figures 12(a) and 12(b) show that this is also approximately true in 
a practical cycle. 

The plain cycle shown has a maximum specific output of 95 
iüP/l).b/sec at a preaaure ratio of about 6:1. The- output of the cycle with 
both reheat and intercooling is still increasing at a pressure ratio of 
20:1 and will read, an optimum of nearly 190 BhT/lb/sec at a pressure 
ratio of about 30;1. The cycle efficiency ut both optima is in the 
neighbourhood of 27/1 

5.3« 4« Conditions for maximum output 

A3 in the case of the ideal cycle so in the cycle with losses 
the optimum work output for given pressure ratio and temperature limits 
is obtained if the temperature rise in compression is equally divided 
by the intercooler and/or the temperature drop in expansion is equally 
divided lato the port3 before and after reheat. Figure 12(a) and 12(b) show 
the variation of this optimum output with pressure ratio and also the 
cycle efficiency with which it may bo obtained, i-.t a pressure ratio of 
8:1 the output with reheat is slightly higher than with intercooling« 
both being approximately midway between the output of the plain cycle 
and that of the cycle incorporating both modifications. The efficiency 
of the olain cycle is higher than that of any of the other three cycles. 
At a pressure ratio of 20:1, however, its efficiency is lower than aJi 
the others, its speoific output still being considerably lower than 
that obtained by modifications. 

"* 
<* 

n 

Pressure 
Hatio 

Plain Cycle + iteheat + Intercooling + Both 

S^iec 
Output 

Cycle 
Kffy. 

:-')., c 
uutaput 

Cycle 
Effv. 

3pea 
ÜUtfJUt 

Cycle 
iSffv. Output 

C yci- • 
Effy. 

.OT/lb/ 
SCO 

i ' i'HP/lb/ 
sea 

% Bffiyib/ 
BOO 

* BMP/lb/ 
sec 

* 

8:1 

20:1 

93 

53 

25.0 

23. 4 
...— ,    .— 

116 

108 

22.0 

24.0 

114 

116 

23.9 

27.0 

139 

173 

21.2 

26.2 

r.  
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v.3.5- Conditions for Maximum efficiency. 

•hereas in an ideal cycle without a heat exchanger the 
introduction of intercooling or reheat or both always causes a less in 
cycle efficiency, when more practical cycles are considered it is possible 
for the maximum efneiency to be increased at certi-xn pressure ratios» 
It is generally found that intercooling after about » or 5 u the 
compression work has been done, or similarly reheating' after about „ or ^ 
of the expansion work has been completed gives the maximum efficiency for 
given pressure and temperature ratios. figuresl2(c) and 12(d) indicate 
the variation of this maximum efficiency with pressure ratio together 
with the- corresponding specific output. Tlw maximum cycle efficiency is 
from 1 to if!« higher than the efficiency at maximum output, but the 
specific output at maximum efficiency may be over 20 BHP in 170 BHP 
lower ti.an the maximum obtainable. 

5.3.6. Introduction of Heat Exchange 

'nhen a heat exchanger is Introduced the optimum positions for 
intercooling and reheating to give, loaximum efficiency and output 
respectively almost coincide, (in an ideal cycle they are coincident - 
para 2.4.4.) Figure 13 shows the performance of cycles with a heat 
exchanger of 75 :J thermal xatio. due to the additional pressure lose in 
the exchanger the output is less than that of the corresponding cycle 
riithout the exchanger. The oyole efficiency, however, is improved over 
a wide range of pressure rttio. Intercooling gives higher efficiencies 
than reheat but the best efficiencies oi all are obtained with both 
intercooling and reheat in addition to the exchanger. With this latter 
cycle an efficiency of 34?> is obtainable between pressure ratios of 6 
and 20 to 1, and this efficiency would of course be exceeded if the 
thermal ratio were higher or the component losses were less. 

5.3.7. Multiplicity of Intercool and Reheat Stages 

Since the introduction of une stage of reheat and one stage of 
intercooling can double the optimum output of a plain cycle, it is 
logical to suppose that by increasing the number of reheat and inter- 
cooling stages the output may be still further increased, it being 
realised that the optimum output occurs at rapidly mere a.. 11 ig pressure 
ratios as the number of stages is increased. The logical limit to this 
process is the condition when cooling is continuous through the 
compression and heating is continuous through the expansion, and both 
processes are carried out isothemally. 

Figure 14 shows the- variation of the work output parameter 
with pressure ratio for several stages of intercooling and reheat in the 
ideal cycle and also the output parameter for the ideal "isothermal" cycle. 

I 

—~ '—• 
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The temperature r.vtio used is 3. Tht  improvement:» in output may be 
suiiuia.rist.-d by quoting the values of the work output pwanatar for a 
pressure ratio of 20:1 with various cycleB. 

Plain Cycle u.375 (optimum 0.535 at 7:1) 

+ 1 stage inti-rco-lins and reheat - 1.0i»O        ) 
<    Optima all occur at 

+ 2 stages intcroooj-ingaid reheat - 1.^30       )    ^„3^ ratios 
, I    greater than 

+ 3 a.ages intercooling and reheat - 1.360        )    20-1 

Isothermal compression and expansion - 1.715 ) 

To dc.iiunatratc to~\. those increments do not refer to the 
purely theoretical performance of an ideal cycle, portioiia of two curves 
from Figure 12(b)  relating to the cycle with normal losses arc replotted       »» 
in Figure 14.  In form and position they      approximate      closely to the 
ideal cycle curves for the ranges of pressure ratio used,  tile difference 
being, however, that the temperatu. e ratio of the cycle with losses is 
3.82 cornered with 3 for the ideal cycle so that the product of the 
temperature ratio and the expansion and compression efficiencies is 
approximately the same in the two cycles. 

5.3.8.    Ericsson Cycle 

Xhe efficiencies of the cycles just considered decrease with 
the addition of further mtercoolin^ and reheat stages if no heat 
exchanger is incorporated»  The addition of a perfectly efficient heat 
exchanger ha» the opposite efi'cct of incre. sing the cycle efficiency 
until in^ the limiting case of isothermal compression and expansion the 
maximum possible efficiency is obtained.  The cycle is now the same as 
that suggested by Ericsson as a "constant pressure" version of Stirling's 
regenerative air-engine cycle. £• all tho external heat is taken in at 
the maximum temperature, T3, and is rejected at the minimum temperature 
T1 tfaa air standard efficiency of such u cycle 

=    1 
2 

This is the efficiency at ainable by a reversible engine and 
is by Carnots-  vrinoi-l1^u grater than that of any other heat-engine 
working between the same temperature limits,   unless it too is reversible. 

6.0    THE GAS TURBINü AS Aft AL..P-EHS1ME 

AS the gas turbine has first reached large scale operation as 
a power plant for aircraft,  it is important to examine the special 
features of this type of application. The present 3tudy is not concerned 
with more  than passing interest in the light weight and simplicity of this 
type of engine,  or in its smooth running and freedom from serious 
lubricating problems associated with reciprocating, parts, all of which have 
contributed to its rapid development    as an aero-engine.   Instead interest 

* • • 
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will be centred on the influence 01' this type 01' application upon the 
performance of-the stationary en^in.s so far considered, upon the 
present association between gas turbines and pure jet-propelled high 
s[..jed flight, and upon the performance aspects of the future development 
of turbine-driven propeller engines. 

6.1 Special aspects of Aircraft Applications 

6.1.1. Forward Velocity 

The most important influence upon the performance of turbine 
engines ia general, due to their use as aircraft power plants is the 
< .ecoii.pression of the air resulting from the aircraft'3 forvn.ru ..lotion 
which may be gained before the air enters the comprcsBO* proper, The 
inlet pressure to the engine's compressor lb no longer the static 
pressure of the air, but the stagnation pressure corresponding to the 
aircraft's velocity less any pressure loss incurred in drawing the air 
from outside the aircraft to the front of the co.up.essor. The consequence 
is that the pressure ratio of the compressor required to achieve a given 
overall pressure ratio decreases with increasing aircraft speed. 

At the same time the temperature of the air entering the 
compressor is increased, but the efficiency of the ram compression is 
generally higher than that obtainable in a normal compressor, provided 
that the intake is well designed, and for the time being, speeds in 
excess of 600 m.p.h. are not considered. The work required to compress 
the air through the latter stages of compression to a given overall 
pressure ratio is therefore somewhat smaller if the first stages are 
carried out by ram compression rather than in the compressor of a 
stationary engine, as the temperatures throughout compression are 
reduced. 

ifith a given maximum temperature and overall pressure ratio, 
the work available in expansion is independent of forward speed, but the 
proportion of this work required for compression is reduced by causing 
the engine to move forward, mainly because the ram compression requires 
no turbine work, but also because of this small reduction in the 
teiapen.tuies in the compressor proper. Xt is, of course, necesB. . y to 
use some of the expansion work to expel the. gas with a vclooity at 
least equal to the forward velocity of the engine, AS the temperature 
of the exhaust gas is breater than the intake temperature, the 
expulsion of the gas requires a lower pressure ratio than the ram 
pressure ratio oreated by the forward motion, and so there remains a 
greater pressure ratio across the turbines than across the compressor. 
At a given overall pressure ratio and maximum temperature there is, 
therefore, an increase in the net work output per lb/sec. of mass 
flow, as the forward speed is increased, and this is responsible for 
an increase in cycle efficiency. 

Figure 15 shows how the pressure ratio and temperature ratio 
of perfeot "ram" compression due to airciuft speed vary with increasing 
speed. Because the ratios arc simple functions of the ..och Number of the 
aircraf t*,: two'-additional scales are added to show the true speed of the 

•Prom Paragraph 3.3_ 
Tt = 1 + V* 
T 2gJKpT 

= 1 -ßIR_ 
2gJKp 
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*  sonic 

where M = Mach Number = V/V sonic 
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aircraft at sea level and in the stratosphere. It is clear that at 
present-day aircraft speeds of 500 - 600 nup.h. the ram compression 
ratio attainable (approx. 1.4) is small compared with that obtainable 
at nigher supersonic flight speeds. At a Mach Number of 2, for example, 
the ram pressure ratio which mignt be achieved is 8:1, although the 
flight speed would only be about 3 times that giving the present typical 
values of 1.4. 

However, a ram ratio of 1.35 corresponding to >00 m.p.h. at 
sea level, small though it is in comp rison with what may ultimately 
be attained, still hts an appreciable effect or. the performance of a 
gas turbine, as may be seen from a comparison of the appropriate curves 
in Figure 16. The compressor pressure ratio required at 500 ra.p.h, to 
give a certain specific output or efficiency is seen to be loiflsr than 
in the static condition, aB would be expected. At the same time owing 
to the fact that the ram compression requires no work from the turbine 
higher speoific output and efficiency arc obtainable at 500 m.p.h, than 
at 0 in. p. h., even when comparison i3 made at compressor pressure ratios 
giving the same overall pressure ratio. 

6.1.2. Altitude 

Because of the freedom of an aircraft to fly at varying 
altitudes, an aero-gas-turbine is liable to experience a wide range 
of inlet air temperature variation. If it is assumed that the maximum 
temperature permissable in the engine is unaltered 'by altitude, then 
the temperature ratio of the cycle will be increased by 33$ in changing 
from a sea level air temperature of 288°K to an air temperature of 
216.6°K at the I.C.A.N. tropopausc. Figure 16 shows that the effect 
of altitude on the cycle performance is a combination of the effect of 
changing temperature ratio (para. 5.1.4) v/ith the effect that, at tho 
same pressure ratio and temperature rstJo, tin; cycle work output tends 
to be proportional to the inlet temperature (cf. - the work parameter - 
><ork/KpTi in para 2.1). It has been shown previously that the 
performance of the ideal cycle of temperature; ratio = 3 approximates 
to the performance of a practical cycle such that the product of the 
temperature ratio, expansion efficiency end compression efficiency is 
also = 3. With the efficiencies assumed her« this means a cycle 
operating at a maximum temperature of about 1100°K' under sea level 
static conditions. Similarly the ideal cycle of t empöre ture ratio = 4 
approximates to the practical cycle of maximum temperature = 1100°K 
when the inlet temperature is reduced to that of the tropopause. 
c'igure 2 (b) shows that for the ideal cycle at a typical pros sure- 
ratio of 10:1, the work output parameter would be approximately 
doubled in increasing the tempereture ratio from 3 to 4. However, if 
this is done by decreasing the inl<.t temperature to %  of its original 
value the increase in actual work lb/3ec mass flow will only be 50$, 
because actual work is proportional to trie parameter Multiplied by the 
inlet temperature. In the practical cycle of 10:1 pressure ratio 
(Figure 16) the specific output at thetropopauae is in fact 52JJ higher 
than the specific output at sea level, Hie actual outputs b^ing 
dependent, of course, on the ratio of the mass flows in the two 
conditions. 

-* " 
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6.2 Methods of Propulsion 

So far the gas turbine engine has been considered solely as a 
means of obtaining a certain auount of power, expressed as B.h.P. per lb 
of air flowing par second, at a certain efficiency in the use of its fuel. 
How thut the turbine engine is being considered as an aircraft power 
plant it becomes necessary to consider the different ways in which the 
power available may be used to drive the aircraft along. In all forms of 

' aircraft propulsion, the force driving the aircraft forward is equal and 
opposite to the force with which a working substance (air, except in the 
case of rockets) is driven backwards, uuch a force is proportional to 
tae rate at w.iich the backward .'oiiientum of the working substance is being 
changed. The problem resolves itself, therefore, into a study of the 
different means of accelerating varying .nasses of air rearwards past or 
through the aircraft, with a view to finding the «lost efficiency method of 
employing the available power under particular conditions. 

6.2.1 Thrust 

The propulsive force, or thrust, of a device which when moving 
forward at a velocity Va, takes in a üiass i.. of working substance per unit 
time and then ejects it at a velocity Vj relative to itself in the 
op.«aill- direction to Va is, therefore, proportional to M(Vj - Va) and 
the thrust horsepower of the device is proportional to MVa(Vj - Va). 

6. 2.2 Propulsive i^fficiency. 

The efficiency of propulsion of such a device is the ratio of 
the thrust horsepower generated to the hors.. power added to the air by the 
engine : jid available for propulsion. Aa the latter, which we may call the 
air horsepower ..s proportional to yfti(Vj * _ ya 2) so iong aa tne gas has 
no velocity other than Yjwhen it leaves the device and there ore no 
losses, the propulsive efficiency Ip may be expressed, for these ideal 
conditions as :- 

Tl P MVq (Vj 

(V 
Va) Ma. 

Vj + Va 

These equations also ignore the fact that in some coses a small 
increase in mass occurs during the passage of the working fluid, air, 
through the engine due to fuel being added. 

It will be noted that the propulsive efficiency is unity when 
Va = Vy  but at this condition the thrust la aero, the H.P. absorbed 
being zero too. Alternatively if the air horsepower is finite, maximum 
propulsive efficiency con only be obtained if the icuss flow of the 
device becomes infinitely large thus allowing the increase in velocity 
(Vj - Va) to be infinitely small. 

If a hypothetical example of a device absorbing constant H.P. 
independent of forward speed is considered then the variation of thrust 
obtained at different forward speeds by employing an increasing mass 
flow through the device would be as shown in Pigure 17 (a). This figure 
shows that with a perfect propulsive device, an increase in thrust per 
available H.P. at a given flight speed can always be obtained by 
increasing the i.iass flow of the device, but tnat the increase becomes 
increasingly slight at high forward speeds. 

1 ' "•  • .." 
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Supposing, howev.r,  that the effective leaving velocity, of the 
gas is only 9Q# of its ideally attainable value, the results, as shown 
in figure 17 (b), lead to a different conclusion. The advantages of using 
large mass flows at low foranri spo -ds aiv still apparent, tut at a 
forward speed of 1000 f.p.s.   (682 ..;.p.h.)   th..- nxtximun thrust is obtained 
when the uosa flow is cbout 251b/sec.   per 1000 K.P.  and at higher 
forward speeds the o itii..uin r.asa flo< r: pidly beconK.s s..iall«.i-.  The figure 
of 9V", for the ratio'of th.  effective and idef.1 leaving velocities  is 
purely arbitrary,  a high r ratio woul-i litv«. shown higher optimum values 
Of mass flow and thrur.t, rind a. low..' r-tio lower valuta. The- reasons why 
the ideal leaving velocity may not be attain'-d art- many and varied and 
include 

1. /rictions.1 losseu in the device 

2. fcrictional loss« o between the air and the device 

3. Losses due to  turbulence  in the air stream 

4- 

5. 

The presence of rotation in the airstream or of a component 
of the leaving velocity at right angles to the flight path. 

The impossibility of imparting a constant velocity to the 
whole of the r.iacij. 

6.2.3. Proix;ller3 

A propeller is a propulsive device vr/dch employs a relatively 
large mass of air to create its thrust.   It is subject in soaie measure 
to all the forms of los3 just    enumerated and is therefore essentially 
for use at relatively low flight 3peeds,  '.«here it is considerably more 
effective tlian a device employing smaller kcs:» flows. Moreover,  the 
large- incream.s in ior.sos which an.  encountered with propellers at their 
present stag».- e>i' ctevi lopj.i-:nt, wn-.n tue fli^vt speed approaches the 
velocity of sound,   tend to restrict the use of propelleis still further 
to subsonic flight speeds. 

6.2.4. Jet Propulsion. 

The term jut propulsion ia here- used in a limited sense to 
describe  propulsion by the exhaust gases of an engine, and in particular 
of a gas turbi.no,    <ith such t- means of propulsion the mass flow of gas 
per    -H.P.   is considerably siüC-Ller than with a propeller. Jet propulsion 
is therefore n very unsatisfactory way of using the available power of 
an engine at low flight speeds and especially during the  Udce-off of an 
aircraft.   It is only when high flight speeds are uaed that it bec^.nes wort 
efficient to employ the relatively low iuass flows typical of jet 
propulsion,  than the hi^h ,-nass flows of a propeller.  The fosses incurred .. 
in producing a high velocity jet are generally lower than those incurred 
in extracting power i'roni the engine and transmitting it to tiie air 
passing through a propeller,  as the only important source of loss is the 
skin friotion between the gas and the jet-pipe. 

-jr.. =t...v,^.-»v-- rm-mm^ß 
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6.2.3« Ducted Fans 

A ducted fan nay be regarded 1.3 a uulti-bladed propeller 
installed in a duct, and its characteristics frou the view-point of this 
..tocientuu Theory arc« theiMfore,  those; of a propeller. « ducted fan has a 
possible advantage over a propeller in thct the losses involved in 
achieving high flight speeds way be smaller, but tiüs appears to be an 
unprofitable line of development as it leads to flight speeds at which 
it is more efficient to use smaller mass flows.  *t »• • 1 flight speeds the 
comparison of the relative advantages of propellers and ducted fans is a 
natter of design, weight «nd ae.odynoi.uc drag, an well as of implicit 
performance characteristics* 

6.3    Gas Turbines did Jet Propulsion 

h gas turbine is eminently suitable for use in high speed jet 
propelled flight from speeds of 500 nup.h.  up to and over 100Q m.p.h> 
because the mass of air required for the turbine can be used directly 
in the jet. und, by a suitable choice of pressure ratio, it can be made 
to approximate closely to the optiaiuu  ..'.aj flow on which the power 
output of the engine should be extiended to give ..laximum thrust at flight 
speeds of this order. 

6.3.1. Output in Terus of Thrust 

The gas turbine cycle output may be reconsidered,  therefore, 
in terras of the thrust produced per lb./sec of airflow at various speeds 
rather than of specific BHP.   'hen this is done the results shown in 
Figure 18(f) are obtained for a .aoxiraum teuper^.ture of 1100°K, speeds up 
to 1500 m.p.h.  being considered. 3y modification rigure 17(a) can be 
rcplotted as figure 10(d) to show the relationship of specific thrust 
to the air HP absorbed per lb./sec moss flow of tile propulsive device. 
In the case of jet propulsion this latter is equal to tile specific HP • 
which the gas turbine provides for propulsion, r.s the iaass flows through 
the engine and the propulsive device are equul. 

The specific HP which .yields the specific thrust plotted in 
Figure 18(f) is shown in figure 18(b). The HP at a given speed and pressure 
ratio is seen to be higher than that given in figure 16, and this 
illustrates the    iV et  of eliminating the losses incurred in a power 
turbine and replacing them by the smaller losses incurred in an average 
jet pipe. The values shown refer to an expansion efficiency of 86;j across 
the power turbine ana the jet, in the results of Figure 16 and an 
expansion efficiency of 95S»> across the jet for the pure jet propulsion 
case (Figure 18(b)).  It should be noted furtiier-that the whole of the 
power output shown in Figure 18 (b) is employed in doing useful 
propulsive work,..but.»that before useful propulsive work .nay be obtained 
from the output 01' a power turbine, further losses due to friction or 
airstroaiii rotation must be incurred in a propeller or a ducted fan. 

6.3.2. Discussion of Variations in Specific I'hruat 

The values plotted in Figure 18 refer, only to a maximum 
temperature of 1100°K, and represent the attainable output and efficiency 
of tlie cycle with reasonable component efficiencies. For supersonic flight 
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speeds the intake losses assumed are tr.o3e w.dah would occur in a norv.ial 
shook wave.  It is possible that by designing ^n intake to give oblique 
snock waves  these losses nay be reduced,  so that the high - speed 
perf ormnce giv-..n here is in no way optimistic. 

The maximum value of specific output provided by the  engine 
for propulsion has been shown in paragraph 6.1.1.  to occur at decreasing 
values of compressor pressure ratio as the forward speed is increased. 
Figure 18 shows that under the-  taoporatura conditions assumed when the 
forward speed reaahee between 1000 and 1500 m.p.h.   the optimum output 
occurs at a compressor pressuze ratio of 1, i.e. when there is no 
compressor or turbine and the engine becomes a propulsive duct, or ram 
jet.  The  maximum output falls off above 10001.:. ..ii.  due   to the increase 
in the  intake losses. 

'i'ho specific tiirust yielded by the engine and jet varies with 
pressure  ratio in much the s&ine way as the HP of the engine, in that 
at a given speed maximum thrust occurs at the  some cycle pressure ratio 
as maximum HP, for it can be seen from Figure  13(d) that -s.t constant 
forward speed an increase in HP always yields an increase in thrust. 
Figure 18 (d)  also shows, however that the specific tlirust corresponding 
to a given specific output decreases rapidly with forward speed. 
Consequently though the optimum output of the tus turbine cycle way and 
does increase with increasing forward speed the  optimum values of thrust 
given when this output is used i,i a propulsive jet, decrease with forward 
speed. So, although 61.5 lbs.   thrust/lb/sec.  mass flow may be obtained 
from a stationary gas - turbine jet engine of 7.1  pressure  ratio, at 
1000 m.p.h.  33.5 Itj/lb/sao.   is the maximum obtainable.  This occurs at a 
pressure  ratio of 3.1  where the specific output of the turbine moving at 
1000 m.p.h.   is about 10,i greater tiian the optimum output of the stationary 
turbine. 

6.3.3«   L'iscutsion of Variations in overall Kffioi«ngy 

The over;-.ll efficiency of a turbine - jet engine is the ratio 
of the useful propulsive work done by the jet to the heat energy supplied 
in the gas turbine,  It is,  therefore,the product of the cycle efficiency 
of the gas  turbine and the propulsive efficiency of the jet, and is 
consequently only definable when the engine has a forward velocity as 
otherwise the propulsive efficiency is aero.  The optimum cycle efficiency 
of the turbine like the optimum output, occurs at lower compressor 
pressure ratios as the forward speed increases.  These ratio* are-, however, 
greater than the corresponding pressure ratios for — **1—— work.   The 
maximum cycle e-fficiency also increases with increasing speed until the 
intake losses become too great, after which the maximum cycle efficiency 
falls again. 

Figure  18(e), which i3 a different form of Figure  18(a)  shows 
that the propulsive efficiency with which a giv.ji power supplied to the 
jet can be used increases with forward speed.   In consequence,  the 
maximum overall efficiencies of the turbine and jet together oontinue 
to increase even when the turbine cyole efficiency has begun to fall. 
Thus a maximum overall efficiency of 2Ü.5JS is attainable at 1500 nup.h., 
compared with 26.5ja at 1000 m.p.h.   or 17.5# at 500 m.p.h. The compressor 
pressure ratios corresponding to these maxima are 3»6 and 16 
respectively. 

•-.  
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6,3.if.  Propulsive Ducts 

It is of interest to note thr.t at 1500 i...p.h.  a propulsive 
duct might obtain en ovuxc.11 efficiency of 235» which is only a little 
lower than that of the 3.1.  pressure ratio cycle and at th.. some tiue 
would have a specific thrust 25$ greater then the engine incorporating 
ft 3*1 pressure ratio compressor. The- elimination of tht  turbine ueens 
further, that the lrexiraua pcmissable temperature of tie cycle aay be 
raised above the maximum for a turbine, and would result in even higher 
values, of speoific thrust. 

6.3.5«  Effect of Changes in Maximum Teapeiv.ture 

The temperr.ture of 1100°K should not, however, be regarded as 
the «oaxirausi temperature at wnich a turbine .iiny operate. By the development 
of better high temperature materials, or of scheues for cooling turbine 
blades and discs, higher temperature will be practicable. Figure 19 shows 
a comparison between the performance of the- practical cycles operating at 
•e& level with the maximum temperatures of 14O0°K and 1100°K respectively. 
It is assumed that the  turbine efficiency is not reduced at the higher 
operating temperatures and that if blade cooling is employed it is done 
without the use of air from the compressor.  By the increase in teiriptraturo 
considered the optimum specific thrust c;.n bu increased from 61.5 lb/lb/sec 
to «2.5 lb/lb/sec ( 51&) at 0.m.p.h. and from 23.5 lb/lb/sec to38 lb/lb/sec 
(62$) at 1500 .rup.h.  with intermediate percentage increases at intermediate 
speeds.  The corresponding percentage increases in the specific   HP of the 
engine are actually greater than these, for, as con be seen from Figure 18£) 
a given percentage increase in   HP always results in a lower percentage 
increase in thrust at a given speed, though the  difference decreases as 
the forward spped is increased. 

The maximum overall efficiency is also increased by increasing 
the maximum temperature of the cycle, but occurs at higher pressure 
ratios. At relatively low pressure ratios the overall efficiency for 
a temperature of 1lt00°K may in fact by 1  or 2$ lower than the 
corresponding efficiency for 1100°K.  This is caused by lower propulsive 
efficiency at 1AO0°K assuming pressure ratio and flight speed constant. 

6.3.6. Kfiect of Ciionges in altitude 

The effect of chen&es in altitude is summarised in Figure 20 
which shows the performance of the gas turbine - jet cycle far 1100°K, at 
the tropopause and at sea level. The effects oan be seen to follow 
directly from the influence of altitude on the gas turbine's performance 
discussed in i'ara.  6.1.2.  and the modifying influence of the jet, just 
discussed,  in that percentage increases in thrust are smaller than the 
corresponding increases in BHP supplied by the engine. 

6.4   Propeller - Turbine Engines 

At aircraft speeds of about JiDO m.p.h.  a propeller may be 
expected to give a propulsive efficiency in the neighbourhood of öOjt, 
which Figure 18(G)  shows to be approximately double thr.t of a simple jet 
at the some speed.  i?ven allowing for the loss of   HP from the engine due 
to the losses in a power turbine, it is clear that at these airoraft 
speeds a gas  turbine driving a propeller is considerably more efficient 
than a gas turbine «pending its power in a propulsive jet. 

1 
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This does not Bean, however, that it would always bo :norc  eco- 
nomical    to employ r. propeller turbine at these speeds. The ran^o of the 
aircraft has to be greet enough for th~ saving of fuel weight due to the 
greater efficiency of the propeller engine to outweigh the extra weight 
of the power plant due to the power turbine, gearing, propeller and the 
like. The influence of design characteristics upon the plant weight of 
tlie two types of engine required to giv_- tno same thrust at a given s*ed 
.Bakes the problem a coinpiic-.ted one, and ^uts it beyon-l tho scope of the 
present work,  fcuou&h ar.s be on scad, however,   to make it apparent that 
the  mnge,below which the total plant end fuel woig..t of a simple turbine 
jet engine is less than that of a ^TOiX-ller turbine engine, increases 
rapidly cs the speed at which the -..ii-craft is assuaed to fly is increased, 
j.'urtlier at, an increase in. ope rational height is likolj  to cause  an 
appreciable reduction in the efficiency of a propeller because the ilaoh 
Nunh r corresponding to a constant forwrd speed is increased,  it is to be 
expected that such an increase in altitude will swing the comparison in 
favour of the jet, 

6.5    Choice of Kn^ines for Different .juties 

The preceding comparison of simple jet and propeller turbine 
engines shows that both plant and fuel weight idust be considered before 
an engine is chosen as the uo3t suitable for a specified duty.  Many factors 
contribute to the'  couiploxity of the problem even irtjen the type of aircraft 
and the de3irod r;ngo are known. A heat exchanger is known to be capable 
of improving the efficiency of a particular engine but if tho weight of 
the exchanger is excessive  the saving in fuel weight will be outbalanced 
at all except extioiuely long ranges.  Or again,   although extra thrust may 
be obtained by incorporating reheating or interceding, in an engine,  the 
question must be answered as to whether the increase In plant Weight 
night not have been better used in increasing the pressure ratio of the 
siinpler engine. 

Even so a comparison of engines on a plant and fuel weight basis 
is not completely adequate,  i-'he drag coefficient of the airor:\ft jaay be 
greater with one type of engine than with another due to larger nacelles or 
excrescences caused by air coolers and the like.  fho structure weight of an 
aircraft iaoy also be affected by the type of engine employed, for example 
a larger under-carriago is often required for a propeller engine than for 
a jet engine in order to got sufficient ground clearance.  The space 
available in an aircraft may also be an important factor influencing the 
choice, in which case the adv^nta^o of a low plant weight and higher fuel 
weight is reduced, as  the fuel occupies uuch more space than would the 
atuae weight of engine.  If fuel costs cor    an important consideration a 
siikilar   .iv.unsnt   will apply, 

finally, mention must be made of the various yardsticks by 
which the suitability of different engine - aircraft combinations for a 
certain duty may be judged. Comparison nay be nic.de between the 
percentage of tho  payload to the all - up weight in the different cases, 
or between the product of this percentage payload and the average speed 
of flight, when allowance may or may not be made for the  time taken in 
loading and unloading.  Considerations of serviceability and reliability 
lie over and above all these. 

• 

• 



r.j.h. 1214 

•7 

• - 

1 

H 

Military requirements are often much different from ci*il ones. 
A bomber r4.rort.ft present» ?. different problem from a civil transport 
pl.-jie of equal weight and payload at take off and having equal range, for 
the bomber drops its "payload" half-way through its flight and is not 
likely to encounter such high landing wing-loadings as will a lo:-ued 
civil pl'.ne. 

In eora id. i-..tion of tnese various factors it is not possible  to 
state hard and fast rules regarding the type of turbine   engine best 
suited to a particular duty, but from the foregoing a few general 
conclusions regarding the probable choice may be drawn. 

6.5.1. I'ij hter Aircraft 

ifor a small high-speed aircraft of the fighter type it appears 
that a simple jet turbine engine is most suitable, because of the 
superiority of the jet as a mer.ns of propulsion at the speeds at which 
the aircraft would be expected to fly.   Ihe pressure ratio of the oompi^essor 
(sea level static) will remain small, probably below 4:1, in order to 
approximate to optimum specific thrust conditions at speeds of 600 uup. h.   - 
and over whilst still keeping the plant weight small, AS improvements in 
uirorr.ft design make it possible to achieve supersonic speeds,  the 
fighter aircraft's engine may becoue simply a propulsive duct,  though 
such a scheine would involve the usi' of some additional power supply, such 
as a rockitito accelerate the plane to speeds at which the duc£ oould 
operate effectively.  Some form of rocket motor appears to be the only 
serious rival to the jet-turbine or the duct as an engine for this  type 
of aircraft. 

6.5.2. Bomber Aircraft 

At first sight propeller-turbine engines would seem the best 
engines for a bomber aircraft as  th^ir lower fuel consumption, cornered 
with jet-turbines, would enable greater striking range to be obtained. 
However if high speed is also demanded of a boniber a jet-turbine may be 
more suitable provided that there is sufficient power available at the 
take-off to lift a large military load. Some form of boosting or 
assisted take-off may be necessary. 

6.5.3. Civil Etesaenger and freight Aircraft. 

For services operating on ranges below 1000 miles and where 
there is a plentiful supply of passengers or freight demanding rapid 
transport, a jet-turbine engine may prove to be superior to any other '.. 
type of engine'for civil aircraft,  as  its li^ht weight will t^nuit a 
greater percentage payload,  than would propeller engines. Vor ranges of 
2000 lailes and above, the propeller turbine  engine scores because of its 
greater efficiency, AS there is not likely to be a demand for excessive 
speeds from transport aircraft,  the propeller should continue to be ttie 
most efficient means of propulsion under the  required conditions. 

Because of the weight involved it seems unlikely that sea 
level static pressure ratios greater than o:1  will be employed in aero- 
gas-turbines, because even with turbine  temperatures of 1400°K,  little 
or no improvement in specific  output is attainable by increasing the 
pressure ratio above this value. 

— 
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The introduction of reheating or of in tercoolinj although 
adding a further component does not nccöaa. rily increase the weight of 
engine required to give a fixed power, for the output per lb/sec of 
throughput is increasedand a in Her mass flow may be used thus giving 
smaller ana lighter components. Heheating could probably be made to 
involve a 3..'<all^r increase in weight than intercooling, but »ould also 
result in a bigger dro.) in overall efficiency. 

A heat exchanger in addition to being, at its pr-sent state of 
development, a heavy component,reduces rather than increases the specific 
output of an engine, so that it increase» the sixe of engine required to 
give a certain power.  In compensation, tlie heat exchanger improves the 
efficiency of the engine and so reduces fuel weight and fuel cost and 
increases goods stowage space. 

A propeller turbine engine fitted with a heat exchanger should, 
therefore, be a suitable engine for a civil transport aircraft operating 
on trans-ocean ranges of the order of 3000 miles.  If, further, the plant 
weight to power ratio can be reduced by the incorporation also of 
reheating, the range above which this type of engine then becomes most 
profitable cun also be reduced. 

Only a comprehensive study ox" engine and aircraft design, of 
airor«a't power requiruaents and engine weight analysis, can yield 
quantitative answers to the questions arising over the- choice of engine 
for a particular aircraft application,  the conclusions drawn aoove being, 
merely, general ones based on the Auii^ni 1 aspects of the problem. 

7.0 miPotiimcE of A TURBINE JJNGINE AT poMgTlcagj arena: THAN DESIGN 

Sections 5 and 6 of this import liave been jjiven over to a study 
of tile perfonnance of turbine engines alwiys operating at their design 
pressure ratio and maximum temperature. Comparisons which have been made, 
for example between sea level and tropopause performance have been 
comparisons between different engines liaving simile component efficiencies 
designed to give the same pressure ratio under the differing conditions. 
It romai.is necessary,  therefore, to consider how the perfoimanee of a A 
particular engine is influenced by changes in operating conditions. These 
changes can be grouped under two headings. 

I. Changes in altitude ana forward speed at constant engine rotational 
speed. 

2.      Changes in engine rotational speed. 

Some generalisations must be made in order that the essential 
features of the changes in performance are not confused by secondary 
effects. Moreover the discussion will be confined to a simple engine 
with no reheat,  intercooling ox heat exchanger, and consisting of a 
single rotor mounting the compressor and its turbine, in general the 
results will be expressed in terms of the thrust given by a propulsive 
jet, but this can be related to the horsspower available in a power turbine 
application. 

'WJLJJW»JWi 
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7.1    Performance at Constant ..näin.  tiotation:d Speed 

The work done b..  a typical present day compressor, centrifugal 
or axial,  per lb.   of air flowing per.  sec., a measure of which is given 
by the total head temperature rise in the compressor, can be regarded as 
approximately proportional to the 3vjvu.ru of the rotational speed 
regardless of entry conditions. At constant rotational speed therefore 
the temperature rise in the oompressor is approximately constant. The 
pressure ratio is, in consequence, a function 01' the total head 
temperature at inlet to the compressor, and as a result,  tiie pressure 
ratio decreases with increasing forward speed, but increases with 
altitude.  The table below indicates this variation in pressure ratio for 
a polytropio efficiency of b7r» and- a specific heat of 0.241.  The pressure 
ratio quoted allows for a loss of pressure in the combustion chamber. A 
value of 2 lb/sq.in.   is assumed for the sea level static conditions, and 
this is taken to be proportional to the total head pressure at inlet to 
the compressor in order to aij.ov for the considerably higher absolute 
pressures in the chamber at high forward speeds and the lower pressures 
occurring at altitude« 

Compressor   I Compressor Pressure Batio (.includi.i;. combustion pressure  loss) 
Temperature 3ea level 36,000 feet 
Rise - °C Ü. M. p. H. 500 

J4.P.H. 
1000 

M. l'. il. 

1500 
M.P.H. 

O.M.P.H. 500 
M.P.K. 

1000 
M.P. H. 

1500 
M.P.II. 

,      90 2.16 2.03 1.76" 1.31 2.76 2.50 2.02 1.63 

120 2.76 2.56 2.15 1.77 3.71 3.30 2.54 1.96 

200 4.68 4.40 3.44 2.61 7.25 6.19 4.35 3.01 

300 Ö.73 7.68 5.65 3.97 14.22 11.69 7.57 4.77 

400 14.20 12.28 b.63 5.73 24.35 19.71 12.08 7.10 

500 21.57 18.41 12.50 7.93 38.63 30.76 16.09 10.07 

The pressure ratios shown in any line of this  table are those 
which would be obtained under the vurious conditions by a compressor 
designed to give the stated temperature rise,  running at constant r.p.m. 
provided that the polytropic efficiency is not altered and that the 
original assumption of co.istr.nt turapc-ratuix: rise is correat. 

7.1.1.  Variation of Specific Thrust and Efficiency 

tram this table and the cycle perfonaance in terms of pressure 
ratio it is a simple matter to construct figure 21 showing the variation 
with forward speed at the 2 altitudes considered, of the specific thrust 
and efficiency of jot turbine engines having different value.-, of 
compressor work,   i'he turbine inlet temperature is again constant at 1100°K. 

The crossing over of the curvs of Pigun. 21  illustrates 
again how the optimum work required in the compressor decreases with 
increasing forward speed.  The figure also shows that, at a given forward 
speed, the    compressor temperature rise for maximum specific thrust is 

•--.••. »•— - — '«rv>., .T. 
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smaller than that for maximum oven. 11 efficiency, 'ihe improvement of 
both specific thrust end overall ef.iciency with increasing altitude 
is also apparent. The increasingly rapid fc 11 of the specifio thrust 
curves above 1000 m.p.h.  i& due to thv increase in intake loss due to 
shook WM| which are here assumed to be normal to the flow. 

7.1,2, Variation of •••aaa flow 

vrnercaa the vi-lues of overall ^efiiciency shown in Figure 21 are 
independent of'the maa~ flow of aii par Sec. through the engine, a 
knowledge of tne variation of this quantity i3 required before the 
variation of actual thrust may be determined from the vi.rin.tion of 
specific thrust with altitude and forward speed. 

There are many ways in which the throughput of the engine may 
be limited but it is most convenient to assume, initially, that a limit 
is imposed by the turbine nozzles choking, a condition which usually 
occura in practice. We may assume, too, that the turbine inlet tern^ri ture ^ 
remains unaltered by chrjig.es in forward sLwed and altitude provided that     .£ 
UM rotational speed i3 unchanged. This would mean, under certain 
conditions that, by fitting a variable area propelling nozzle to the engine, 
the exhaust conditions of the turbine can be controlled in order to keep 
the inlet temperature sensibly oonstant.   .-!hen choking conditions- occur in 
the propelling nozzle u weil as in the turbine nozzles, (a condition 
wliich will generally hold good in the present study) coaditiui!s of 
constant turbine inlet temperature  will correspond closely with constant 
propelling nozzlu area conditions. 

if the turbine nozzles are choking end the inlet temperature to 
the turbine is constant then the mass flo* tluouth the nozzles, and 
consequently through tue whole engine is directly proportional to the total 
head pressure at inlet to the nozzles and to the nozzle throat area, 
provided. The variation of the inlet total heid pressure may therefor^ be 
regarded as the variation of the mass flow of air per see.  per unit area of 
the nozzle throats. 

This variation is shown in i'igure 22, again assuming a normal       ^ 
shook wave at entry, end a constant ^olytropic efficiency in compression.   ^J 
The fi&uie illusti-atec the considerable increases in turbine inlet 
pressure end consequently in mass flo», due to the for>£u-d speed and shows 
also the effect of the reduced ambient-pressure and temperature at 
altitude on these quantities. 

7.1.3. Variation of Thrust 

It is now possible to construct curves showing the vt-.ric.tion in 
thrust with forward speed at two altitudes foj. 1+ typical gaa turbine jot 
propulsion engines (,distinguished by th~ different values of compressor 
work)  subject to the various assumptions v.iich have already been detailed, 
These curves are shown in ü'igur« 23, the thrust being expressed as pounds 
per aq.in of turbine nozzle throat area. This area «ill, of course, 
remain constant for one particular engine, but it ia not necessarily a 
yardstick for the overall size of the engine. Comparison between the 
performance of the different engines ia,   tierefox^-, not satisfactory, 
unless it ia reatrioted to the manner in which th» Iter«»* ,.r fch*> various 
engines vari.as. with m~»»<* "»•". • c.lvtn «IWLtpS*. 

-•^•.^' 
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Such a oompt.rison is inLae in figure 2fc>, for the sen level oc.se 
only, j-.li 4 engines are assumed to give tue same thrust at 750 nup.h. 
(approximately u = 1.0) und the thrust at other rj.rcrc.ft speeds is 
expressed relative to this value. For each engine as forwrjd speed 
increases the thrust fells to a minimum, then rises again to a nr.ximum 
before finally beginning to fall to zero as the output per lb./sec muss 
flow of the gr.s turbine tending to zero predominates over the increasing 
mass flow. The figure then illustrates clearly the fcot that at speeds 
belo« 750 m.p.h. at which the thrusts are air.de equal the engine with the 
lowest value of compressor WDrtc gives letst thrust, the limit being 
reached, of course, with the propulsive duct which gives no thrust until 
ro.-ching a forward speed providing a rcm pressure rise great enough to 
overcome the losses in the system. Over the ran^e of compressor work 
shown, the relative thrust at low aircraft speeds increases with 
compressor work but it will clearly reach a maximum and return to zero 
as the tempexv.ture after compression approaches the Maximum tempers.ture 
of the cycle. 

Above the reference speed, the relative thrust ;.t 0. given 
speed increases as the compressor temperature rir.e falls, as does <.lso 
the aircraft speed at which the engine achieves maximum thrust. 

At the constant maximum teuipcr.-.ture of 1100°K an engine of 
90°C compressor work is seen to be capable of giving over twice the 
thrust at 1250 io.p.h. that it provides at take-off and at aircraft 
speeds up to 400 in. p.h. An. engine of JJ00°C compressor work, on the other 
hand, provides its best thrust at 0 u.p.h. ; nd from 80 to yOjS of this 
thrust at 3peeds up to 1100 nup.h. before there is a sudden fall. It must 
be remembered, of course, that the overall efficiency of the latter 
engine is greater than that of the former, and that it also requires, a 
smaller mass flow to rci.ieve a given design thrust. 

If a higher maximum temperature is considered the overall effects 
just enumerated are not substantially altered, excepting that the values 
of forward speed and compressor temperature rise at which the various 
maxima and minima occur are increased. 

7.1.3.1. gffeot of Component Inefficiencies; Intake Efficiency. 

t.nough hr.s already been said about the influence of compressor 
and turbine efficiencies upon the output of the turbine engine to moke 
further discussion of these points superfluous at this stage in the 
present uork. It must suffice to point out that the conditions of constant 
main component efficiencies assumed in tliia general theoretical study of 
the performance of a simple jet engine at full rotation-'.1 spued will 
rarely be attained in practice. Some modification of the figures presented 
should, therefore, be anticipated. 

At the supersonic speeds which have been considered, however, 
intake efficiency begins to have a predominant influenoc on the performance 
of the engine. This is because on increasing amount of the compression of 
the air is being carried out in the intake and therefore the output r.nd 
overall efficiency of the engine depends uoxv and more- on this compression 
being done efficiently. Further the amount of air inspired by the engine 
per second is also dependent upon the intake efficiency. 

: 
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In UM  fon '.uing an Ln1 • I  i nog •• aed on the for...ation 
of normal shock vmvi u   >t   ntry hue been m the treatment of 
supersonic flight speeds.  To llluatl   t     the  important influence of 
intake efficiency, however, curv.-s or« also included In Plgare 2k which 
correspond approximately to the asavttption of oblique shock fronts '.ni 
evicted losses (based on reoent German work). The effect is to toore&ae 
considerably the thrust obtained at 1500 uup.h.  especially in a low 
pressure rata.o engine, e.g. l£>% for a comprcs. or tempert-ture rise of 
§0°C. At the afme time the forward speed at whloh thf r.v /imum thrust of 
low pressure ratio engines iB ootainod is, of course, increised. 

7.2   j'erfoniianoe at different an,!),1 aotationai Speeds 

In the preoeding paragraphs on approximation to the performance 
of a simple jet engine runnina c.t const: nt r. p.m. htis been .wde by 
employing somewhat sweeping as...umfc.tions. Thesf included the constancy of 
compressor :md turbine efficiencies end the independence of the compressor 
t—per», tare rise on inlet conditions or throughput, whilst tne mass flow 
and maximum temperature of the engine are aasuned to bo controlled by 
choking conditions in the turbine noscles and the propelling nozzle, or 
by v. .rying the propelling nosale area when it is not choked. 

In considering the performanci. of the engine at reduced r.p.m, 
in the some general terms, the teiaperatiiro rise in the compressor can be 
considered as approximately proportional to the square of the rotational 
speed, end as long as the two choking conditions hola good, the .r.axircum 
temperature of an engine with fix<-:-i exhaust area also varies roughly us 
this quantity.  The thrust of a stationär,   engine, therefore, falls  in 
proportion to the third or fourth power of the rotational speed, in 
response to both foiling throughput Mid falling specific output.  The 
assumptions regarding compressor pexformanoe made as r. means to an end in 
the foregoing can no longer be justified -when a aijuple method for 
assessing the airflo.« cer.sea to be available i.e. when the speed of the 
engine is sucu that choking i.i the turbiiie nozzles no longer occurs. 

,-      .   • :£t 
i'of these conditions turbineirciiarfr.oter^atics based on the 

particular design of turbine must ofc used, a^ it ia clear that when 
this is done, mo it- realistic compressor  cliai-.-.cteriatics than those so 
far assumed, should also be employed. The method for determining the 
performance of. the engine now is bused on the matching of component 
characteristics, and is that which muat be employed for an assessment 
of engine performance demanding greater accuracy than the previous 
general assumptions can yield,  Tlds method is detailed,  for a simple jet 
engine,  in the following section of this report. 

b.O    PüRji'Ofe.UiHCE ESTDWTIüfi Kt MATCitlWG ü--1 CO.JFOHclN'i' aiAfoiCTiifttS'i'ICS 

In estimating and expressing the performance of a gas turbine 
engine, widespread use is made of non-dimenaionai groups of the 
controlling factors which allow a considerable simplification in both 
the calculation and presentation of the re .«ired performance data. The 
use of the method probably hi a its origin in tiie non-dimensional 
representation of supercharger characteristics which is now widely 
-.coepted. Turbine performance,  and indeed complete engine performance, 
can be expressed by similar methods, anu. the simple jet turbine engine 
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ia such that the variation of any one performance orit.i-j.on over the 
whole of the possible  oper.'.tiny range of the engine ...j :«a r.ircraft 
power plrtnt <x.n be expressed grr.phic:J.ly in civ.- simi.l.   dir-gram.  In 
more coutyl'-X turbine engines whojte th'-r'_ are more vi.rI..'ole controls 
on the pi.rformr.net, :.'. series  .1' such di'.graKis .aay be neevss ry, but 
a non-dimensional t raataent still -^-.-raita considerable simplification. 

fa. 1    Usual •Nan-.jir.xncioir-l Gr-ups for u Siir.pl-.  Jit I^.gino 

i'or a pr.rtiaular design of turbine-jet  engine of r. given 
shape,  five independent variables may be regarded :is completely 
determining the -£ierfonr.:jiC'j of the design under .-.11 flight conditions. 
They are  :- 

N    a the rotational speed 

V   = the forward speed 

Pa = the cui.bis.nt air pressure 

Ta = the u...bient air temperature 

h   • a chc.i--oteristio reference, length denoting the scale. 

The main performance quantities dependent upon these variables i~re: 

P    = the thrust 

Qp a the fuel consumption 

Q^ = the air consumption 

Instei.d of expressing the three latter as functions of the 
five variables, by dimensional analysis it is possible to form groups 
of non-dimensional qu- ntities and to express the performance by showing 
the variation of 

_F 
L'P„ 

- ä      and 
L2Pa/£~ S^ 

as functions of two variables only, namely 

NL 

v^" 

When considering the performance oA one engine only, 
the length L is constant and is often omitted from the above groups. 
It should be stressed that "L" denotes the scale of the engine, and 
variations in "V  imply ;"- complete scaling up or down of the engine 
in all dimensions and not of one component only such :-.s the propelling 
nozzle. : 1U riii^ one component without altering all the rest to the 
same scale contradicts the original assumption that the engine is of 
particular design ;-nd given shape. 

.-T •'-'-'? 
ttm •'...   • 
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The assuii.tioiis also ^i< sume that tit.   vuccsitj  of the air 
has no &ppr*c L'lb-u  >.i"i.ct un the  p-iVor.ui.nc«. of tli    .-.:,- i• ." and tu» t 
averag« vaiu<:j «,!' s/uiuc lviat for the VJIOUS ci^-v: .-.ta cun be 
assumed anu »naint; ined const: nt without introducing  too largo an error. 

Finally it .should b..- not d tnut  though .;    "and 3? arc co.^aonly 
expressed in similar units of ifcf.as ;>or unit  i.iin'-j, this is not 
fundamentally corj'-et i.na '^    should be rog-'n-ttea as a .neasure of neat 
energy ivlt.aaed tjnr unit ti.i.n , the unl t-a of masa i;i ..hich it i3 co.Äonly 
expresse.i b. i.ng oonvt-rtiDJ.«J  to units of heat by usiag t>.e calorific 
vain.;  of tin.   fuel.  This explains the difference in the non-diiutvnsional 
forms of thcoi/ v.:o 'quantities. 

8,2    Non-dimensional Charaot-.-riatioa of Conponrints 

6.2. 1.  Co.n;. :i-K»or 

The perfoznance   of :'. ooupvedAor can b>   «.xplVBaed by the » 
variation    with gAy/ T1t / F1t for given vsluoa of NV^U    of any two •"— 

the three quantities  :- pressure ratio, F2t/Pit»  t-ijiijier .turc riso ratio» 
(T2t - Tit)/T-|*i or overall efficiency,    TJ 1i> ^'li.   jui'flx "1t" indie, tea 
total head conditions at inlet to the compressor -.ua  Lu- sufi-'ix "J.t" 
conditions at outlet)    These varictiona Cufi be- expressed on one diati".m, 
however, as shown in Figure 25 whore lints of distant ("ijt ~ ^1t"*1* 
are superimposed on tin.- presHure ratio diagram. The overall efficiency 
"contours" may also be included for interest but arc not required for 
the computation of performance. 

8.2.2.  Turbine 

Similarly the performance of a turbine nay hu expressed by the 
variation of (Tjjt - Tj^J/Tjt and PjtA^t with (JA-V/T^"*/ i*jt    and N/X/T"^ 

where suffix "it" indicates inlet total head condition» and suffix %t" 
total head conditions at outlet.  As, however,  in matching :; turbine With 
its compressor,   tliv independent variable  to be chosen so tiiut  the  ./ork 
output of the fonifcr  is sufficient to driv^ th«   li'-tter, is the temper»turc 
ratio T3t/T-|t»  i* is often more    conv nient to plot the turbine perrornj^fts* 
as n function of ^"AJ3t -'-a1* ('rjt " ^4t)/^ •   thus eliminatii.g p. laborious 
trial and error process to determine Tj|/T-|.fc,  a» will bt- shown later.  The 
latter method of plotting the characteristics is showii on a sniall scale 
in figure 26. 

It is assumed that the mass flows through turbine and compressor are 
equal. 
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6.2.3. Jet ripe and .»ropellinfe, Nozzle 

It may be assumed that the characteristic of a jet pipe to 
which propelling nozzles or various sizes a»-e fitted ca«i be obtained 
from c single curve showing the- v. rittion of ^ yi^t / Ajl-j^ *ith 
PaAVt» where Ä5 is the effective throat area of the noszle. This 
implies that the losses in the v,JL..-e are inl«---, •ndo.it of the size of the 
propelling noi:..lo fitted ever the rang*   of si/.-: considered., i'igure 27 
shows both this variation of -JA. v'Tvt A^t with pa/p2,.t and aJL3° the 

variation of fQ/'iicPa^vrtiere    FQ is the gross thrust created, assuming 
that the noziüe ij e plain convergent ono ana that when choking the 
thrust c..n be considered ^.rtly as momentum thrust tnd partly as pressure 
thrust applied over the outlet treu of the nosalc. 

8.2.4. Combustion Chamber 
The eifioiency with w.ich fuel is burnt is ignored in obtaining 

the  equilibrium conditions of a turbine engine  as it simply affects the 
ratio of th.   actual fuol consumption    to that ideally necessary.  The 
pressure loss  in the co'.ubusticn chamber does,  however,  influence: the 
matching, of th_- cojn.ionents at well as influencing the performance.   It 
is often sufficiently accurate to assume that this loss is t fixed 
proportion of th«  inlet  pressure, "rVt»or alternatively the proportion 
may be assumed to vary as (  ^v/Tjjt Att)2» a quantity which is 
de terminable from th'   compressor characteristics. There  should i.lso be 
an additional expression relating tlis  pr:.:sure loss to the temperv-ture 
ratio obtained by combustion but tiiis is, as yet, little used in 

performance work. 

8.3 Linkpge 0; G'ompivuüor end Turbine Characteristics. 

For every   oint on the compressor characteristic the following 

quantities are !<nown 

<lAv^Tt A*U '    WffTt    '    W^t and (T2t " TltV*it 

The relation between (T2t - T1t) ana ^T^t - T^) has been 

quoted in Section 5.1.2.  and tnis enables (T^t - T^t) A^ *° De 

oaloulated.  Further as Pjt/^t lM'-y ^ "Sseat•' d from the combustion 
pressure loss data, c^N/Pjt may also be comput d. These quantities are 

sufficient to determine (T,t - T^tJA^t tlnii **3tA\t fro;il the turbine 

characteristics. 2 

Now   T^t = (T3t - ^t)A» x     f    «   A 

and oan therefore be determined.  Lines for constant values of T}t/Tfö 
may bo superimposed on the compressor characteristics, as in Figure 28, 
to indicate the temperature ratio required for equilibrium running 
between theje components at any compressor operating point. 
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8.4   Addition of the Jet ripe 

^__       Each compressor operating point now determines a value of 
9</T4t /P/t-t and of p1t/P4t«  If tnt? <sngin<-' i» tnen assumed to be moving 
forward at any chosen flight =ü..ch number (i.tj,  chosen value of V/yT^ ) 
so that PitA"a and Tit/Ta are known, Pa/°4t iu determined and 
Q^yTvji /AcP^t obtained from the jut t>ipe characteristic.  The propelling 
noz:.le art? £5, r?:quirjd for opurution at  the given   »int at the clioson 
flight ?Äch no.   is therefore determined. 'J'his value can be used to give 
Ih/Pa from th» appropriate value of P(yA5Pa and the net thrust, Fjj, is 
finally assessed by 

*N 

Pit 
Eli 
Pa ^r /u.  1 

y T«   g • 
where V has been converted to f.p. 

further 

so that Pj/Pa 

/Tu 

and AK are known for each operating point when 
v vTft i3 chosen.  It follows that if A5 is caused to remain constant, a 
unique operating lim- for each valu^ of V/ y/ T,   is determined on the 
equilibrium running diagram and for this value  of A5, Pn/Pa may be 
expressed as a function of IV ./T^ and Y/v/Ta" ,  as was stated above. 

Similxrly, f. long th<- operating lin« for e chosen value of 
V/v/^T   (^3t ~ T2t^/T1t   lliai' Dt' calculated and,  if specific heat 
variations can be  ignored,   this will yield distinct values of q/T^, 
where q is the fuel:air ratio and so lead to th.   evaluation of Qß/>/TaPc. 
thus : 

ynä. l1t 
ggjt . Pn 
Pit 

It 
Ta 

Unfortunatfcl.,   th^ rolationship between (T^ - T2t)/^it    aa* 
o/tj.   is not simply a function of the calorific value of the fuel,  for, 
because of the  inconstancy of th>- specific heat of  air,  it is also 
dependent upon th>; temperature r> nge,  ovur which the fuel is supplied. 
A non-diinenyional n. presentation for the variation of fuel flow can 
only be exact for one altitude I defining the temperature  mnge covered) 
and a maximum error of about 5:1 'aay be incurred by assuming the curves 
ore correct for all altitudes.  This illustrates -the limitations of the 
non-dimensional repres ntation of jet turbine engine performance. 

I 
«Bgl *   '•• 
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8.5    "Equivalent" Conditions 
f 

It is g-.-ner.lly found aäv.\ntageous to plot the non-dimensional 
representation oi' performance thus derived as the variation not of the 
simple ncn-Jim.msicnal  quantities indicated but of the equivalent 
values at some altitude, usually sea-level,   i'hus, instead of P(j/P   f is 
plotted J"n x 1fr, 7Aa so ta:-t valuta f°" thrust at s.a-level may be 
read ofi  directly fro,.: the curves.  .. t other altitudes a knowledge of the 
atmospheric conditions r-.lttiVe to s- a-lev. 1 is required in order to 
determine  the actual thrust.   If atv.espicric pressure v.iA temperature 
relative' to the. re^e^ctiv.. values at s.-a-lcvd are denoted by pa and ta 
then 'equivalent*  parameters may be   dorivod    from the non-dimensional 
ones by n placing Pa by pa and Ta by ta. 

8.6    jjxample 

The characteristics of the components taken for this  example 
are those shr.-n in iigures25, 26 *\nd 27. *-.t the design speed of 7/WOr.j» 
the oompressor_j,ives a pressure ratio ef 3.6 to 1 and pisses 50 lb./seo. 
of air hi /Tit /p1t    =    57.72) under sea-lc-vel str.tio conditions. The 
overall efficiency at the design point is slightly in excess of 8fr# 
and the characteristics are intended to be ty.dci.JL for ?. British axial 
compressor.  The  peak compressor ofi'iciency is approximately U6^& and the 
lowest efficiency in the  mnge cover-;a is  about "ftijL 

The turbin.' chai-actenstics r.re theoretical ones for a single 
stage turbine of noasile angle 25° and blade outlet angle of 35° measured 
from the cJ.rcu.nfertntial direction at th.-.- mean blade height.  At the 
design point marked on figure 26.   the moan bl~.de speed,  u,  is approximately. 
909 f.p.s.   (sea-level static conditions). Thi3 means that  the  diameter 
of the turbine at mean blade height is about 29.8" and to give the 
required nimulus area, S,  the  inn^r and outer diameters must be 27.6" and 
32.0".  These dimensions are siig..tlj  greater than  those  of the  turbine 
of the fcletropolitan-Vickers I<'2/fr- engine,  thv   oniy comparable British 
Bingle-stage turbine at present in use. ;.t tlv.   greater rotational speeds 
associated with centrifugal compressors,  the   turbine diameter for a given 
blade speed need not bo so groat. The total head efficiency of the turbine 
at the design point is approxiinr.tely ti~J%,   tht   inlet  total head 
temperature being 1100°K. 

The only point requiring further explanation in figure 27 is 
the form of the mass flow curve. This is a eemi-euifirical curve which 
remove's the anomaly obtained by • assuuuna constant jet efficiency, that 
the mass flow parameter,    Q,/Tfr~t /A5Pfr.t> reaches a maximum before the 
velocity oi" the gas in the throat or the nos^le reaches the sonic value. 
Tor the los3e3 aasucivd,  the hv-.aa flow parameter reaches a maximum of 
0.976 of the maximum isentropic v» lue (0.3896 for   a Kp of 0.27fr.)  at a 
pressure ratio of 0.526, under w.iioh conditions the exit velocity would 
be expected to be sonic. 

i'igure 20 shows the conipi:osr.or and turbine characteristics 
linked by lines of Cenatant teMperr.tuiv  ratio T";t/Tlt'  These are seen 
to be almost parallel lines,  running obliquely into the compressor surge 
line at their 'lower'   -nds.  . t a given mass flow the temperature ratio 
increases with coiapivssox' pressure it.tio, the extra work required for 
compression deniandin^ a higher turbine  inlet temperature,  j.t the design 
point the value of Tjt/Tit is» of course, 1100/268 = 3.Ö2. 

mmm 
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... • . 1.  Variation of thru.it :j\ i bv^cific fuel consumption with jet area 

In Figures £) r*id 50 the values of equivalent thrust "Jid 
equivalent specific fuel consumption at three values of equivalent 
aircraft speed, 0, 300 rnd 600 m.p.h. obtained b;  worl;...g along the 
lin.'s of constant N/^/tit ?oc *ne oomproBaor, uro plotted against the 
effective area of the jet required for equilibrium running. The intake 

efficiency is assumed to be 85fs. 
..ith this example, as in virtually all engines so far built, 

at all combinations of speeds, maximum thrust  occurs at the compressor 
surge line vine re the turbine operr.ting temperatures arc highest and the 
thrust falls ofi ".s the j-.:t area is increased to bring the equilibrium 
running point further from tlie surg-  line. This fall-off iB greatest 

at the highest aircraft speeds. 
It will also be noted that the  jet  arise, below which surge-free 

operation is impossible increases as the speed of the compressor is 
increased, i.t the higher speeds, variations in aircraft velocity nave no 
influence on the jet area v/iich causes surging at a fixed value of 
N/\/tlt«    This is due to the  propelling nozzle choking,  so that the 
changes in jot pressure  ir.tio due to f orvoxd speed cause no alteration 
in the value of 3 v/T^t/kgE^t'   (aeo Figure 27)  and hence of Ac 
corresponding to a fixed point on the compressor ch;.ructeristics. 

It is, at first sight,surprising to find that the specific 
fuel consumption also falls, as the operating point leaves the surge- 
line, though in this case a minimum value is reached and at large jet 
areas the specific fuel consumption is again increasing, Further if the 
running lines for a jet area of 1M.3 sq.ins.   the design value, are 
plotted on the compressor characteristics ^Figure 31) comparison between 
Figures 25, 30 & 31  shows that although the compressor is then made to 
operate at peak efficiency in the range of speed between 7,000 nnd 
fa,000 r.p.m. minimum specific fuel consumption is not being obtained. 
Instead the minima occur at higher jet areas and ore associated with 
lower turbine operating temperatures, lower pressure  ratios and lower 
values of thrust.  Ignoring the r.p.nu  ol' the compressor it c"n be 
deduced that at constant pressure  ratio also there is an optimum value 
of temperature ratio T,VT.^ at which minimum specific fuel consumption 

occurs. 
Referring back to Figure 5 it will be reoalled that at 

constant pressure ratie the cycle efficiency of a gas turbine shows no 
tendency to reach a maximum at an jptimu.i temperature ratio in the range 
encountered here, though at high temperature ratios the efficiency is 
almost independent of the temperature ratio. The specific fuel 
consumption however, is a measure of the efficiency of the turbine and 
the jet together, and when the aircraft is moving at a speed,V 

Specific fuel consumption (V 

• Where 

v/n o 
Ov   v/" o TI p 

..» 
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At constant forward speed although ^ a continue« to increase 
•lightly with increasing temper: tare ratio at constant pressure  ratio 
Figure 18(e) shows that   1 p will decrease, because the specific output 
from tho engine in  i.ncr-:.:<ing, : nd :. jet is only ,-.<.rf'.-ctly <-,fficie*nt 
when it doi.a nc  -oik. Tnnit  fr..c effects op;c:ing often other .-ire responsible 
for the; form of th-   curve.;, oi" specific fu.sl consumption against jet area 
and exiJ.r-.in why o; tir.uiu consumption does not necessarily occur where the 
compressor i f/ici.iicy is highest. 

When tht  aircraft is stationary the  quotient    V/r|0 is 
Indctermüiüte but thr: r lotion between BiiP output from the turbine and 
thrust eutjAit from the j.,t 'Figure 1t(d))   -nablet a similar argiMut- 
to be- established. 

6.6.2. Performance with fixed profiling nozzle 

The   equilibrium running diagrü..i Tor tho engine fitted with a 
fixed propelling nos-l>   is ühown in Figure ^1 and the variations of 
equivalent thrust and equivalent specific fuel consumption with equivalent 
speed are shown in Figuros32 and 35.  These VJ.nations aie al30 given in 
"carpet diagram form in Figure 34.   In these diagrams the lines of constant 
V/i/ ta nr-; 3paced out equidistantly and connected by curves of constant 
M/J   ta,     tho data being thus plotted and cross plotted in one and the 
same figure. 

From Figure 31  it can be seen that ..ear N//t7t    °^ 7,000 r.p.m, 
the running lines for all aircraft speeds became coincident due to 
choking conditions being reached in the jt:t-_ ipe.  Below this speed the 
lines fan out,  the highest forward speeds being associated with higher 
mess flows. At constant altitude and r.p.m.   th.; value  of H//t^^ decreases 
with increasing forward speed, and on Fi^uiu 31  "re i»".rK>:d the runnijig 
points corresponding to 7,000 r.p.m.  at tho  three values of V//ta,  at 
sea level and in the stratosphere.  Because th- ram toiaperature rise is 
proportional to the-  square of the forward speed it is not surprising  that 
the difference between the points for 300 uup.ll.  i\ad 60u m.p.h.   is much 
greater than between 0 and 300 m.p.h.  This also illustrates the feature 
that a turbine engine is mor--- likely to  encounter surging in the 
compressor when it is flying at low forward speeds,  3ay during climbing 
than when flying lev.il at high speeds at the same altitude and r.p.m, 
With the engine considered, surging is just avoided, but from Figure 2$ 
it can be seen that with "   iiropclling noazle soi::e-  10$6 under size surge- 
free running would not be-    ossibie :t d-si^n r.p.m. even at sea level. 

The curves of tiirust and specific consumption require little 
comment.  Thosv. for thrust show  that the expected tcndi.ncy to f'.JJ. 
Initially with increasing forward speed and then to rise again, though 
more will be said about the form of these curves in the following 
paragraph.  The "c: rpet diagram" for specific fuel consumption (Figure 34) 
shows that lit sea level,  although the mini.tum fuel consumption occurs 
below 7,000 r.p.m.  when the aircraft is stationary, it occurs close  to 
this sp>eed at lii^h flight Velocities.  .Figure 3U • 130 makes clear that 
within the range- of equivalent r.p.m.  from 6,000 to 8,000 r.p.m. which 
covers all cruising and maximum operating conditions at any altitude, 
engine speed is more important than aircraft speed in deten.iining    the 
thrust, but in determining specific fuel consumption the reverse is true. 
It must be remembered that complete combustion of tho fuel is assumed 
in presenting these results. 

at"** l. .3^1 TT^T^xs&z^m mmm 
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8.6,3«  Effect of IntrV.e ud Co.i,.,x-t,-3sor af.iuifciiciea 

If reference is. now iV-d • to ±'i0üjv ii,. • nd the curve in 
Figure Jl». showing ti;   v; il^ticr« of thruut with forward speed assuming 
act level ovrr.V'on • t /,0oC i'. p.a.  is comix .red with the appropriate 
portions oi' t».'„- ctux*v-_a previously obt; ii.ed it is seen to ajjree most 
closely with tin   cuxvi s for compr-iat-.oi' t-'b^xii.tUL'c rises of 200   to 
300°C, although ti.-. -.etxj. ris'.' -vt i'.-üi.,.,;i conditions for th- engine is 
only 150°C.  AO in th.   •'m^inc, both turbine and [jropelline; no:.r.le are 
choking,  or very ;v - xly so --..nd tho iiir.jtu.iua tuapef .tart  Lo constant at 
1100°K" this dxfferi-nce is due to difiVxeiiCOo in the component 
efficiencies as- uined in the two c-.fl' a.  X'he coupius&oi' und turbine 
efi'ici'-nci.-s  ü. tin   ..niiiiu.- now ce:it>id red ."..•• islese to thu.     auuuncd 
in i'igure ^4»  though th.ii: is no«r .-.. ssii,,nt r'.s-.- in compressor efficiency 
with foi-waxa ssv-. d.  'Jhis would tend to improv.  tin1 tiiruat :.t 600 nup.h. 
however, uxi not result an it beit.^ io....r than anticipated. This letter 
effect is,  therefoiv,  duo to th.   lovior intake .'.IT Laicnuy of 05$ assumed 
for tli«: outiii.   compared with 100 ,: fox uub-süi.xu flight speeds osaui.V-d 
in producing th..  previous curve.s,  and the ex.:i,.,pie ^lui illustrates 
th«.- dcpi.-nd.uci  of a hi&h speed tux'bxi.e-jet engine on the ot'faeI ivoi.cao of 
its air intakes. 

The other component efficiency -which appears most Hk.-ly to 
vary and huv--.- ;.n important effect on th«.   pcrfor.iv.iice of the enaine is 
that of the compressor when operating at high v:J.ueo of NX/tit •   In thu 
compressor considered horn, a f:.ll of «uTicieney frou etoo to 7Ö5J oc;urs 
between the values of K//t^ of  /,000 ..nd 0,000 r.p.m.  This is going 
to cause - dtiti riorat j on ii. th>- altitude pexformanre ox^ tile  (.niy.no at 
full r.p.m.   "jid sine.   tli.   rise ox" efficiency  Ivilovi M/v^it " 7»000    is 
not so steep as th..  fall at hJijheX- speed« the  detei\ioX".ti.jn will be 
more i.n}jort.-int at low airox".ft Velocities th-.t at hi<Ui oiv s.  i'o show the 
magnitude of this   ;iY>.ct,  in »'ißiuv 35 the appropriate portion of the 
"carpet dii.gr.in" for thrust is compared with  tiie diagram corr-sponding 
to const'Jit compit-SEiC-v i'X'f ici^ncy oi|ual to that at tue dtsiy^ L>oint. At 
M/v^tä = 6,000 and xuro v. iocity the y-in in thruax in Ui.   li.ttex- c.se 
would bü aaad 15S*» l^ut ut L-JV equivalent velocity of 6üu u. ,i.h.  it would 
only be about l^L, 

The curves in th« lower part of i'i(ju;.e 35 sho\< what this means 
in terras of tlie actual tlirust obt;.ined »t 7 »000 x*.p«r'i»   :j\d 0 anet. 500 n. p.h, 
at varying I.C.A.N. :atitudoa. iiltliouiji th-. diffiu-unoes due to falling 
Oompres3or efficiency uppoai- sroali v.iien comti x.-d Aitli tii-   faxl in thrust 
due to the lowex'j.nü of at.nosplieric prussuxv. wiUi rdtitudt,   tile 
percentage diffe-rencoa at, a ^iv.. 11 ;J.titude    r.    ap.ixeci;.bie.  ilk- figures 
of 155*5 and 1$ quoted above corivspond ciojeiy  to  t'.ie uain in thrust 
available in th.   sti'atosphe-re if constixxt con^.x'esBor efficiency could 
be maintained,   l'he eifect on tlie rate of climb of an aircraft, and,  to 
a smaller extent, on the 
Would be noticeable. 

to; •d in lev^i flxght at high altitude 

" See point for V=600 ra.p.h.  on Piguxe 3LT3tAlt = 3'^ tJld T1t =2Q8 + 36 
= 32lf°K   .".    "i^t = 110O0K

 = design value at sea level statio oonditiona. 

-- ••*•»- - V 
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The: specific fuel consumption of the engine in the example 
taken was not i£v:.tly .-Itered by c.asundng constant compressor efficiency 
em is therefore not plotted. 

8.7    Confin.ia'i.iun of Theory by i'r.'ict ic'1 Vests 

A UP Oi-y for -n uicirv, tn-.   ,, •. i formi-ncv of c. ,.»-chcnict.l -luvice 
c&n only h • worthwhii'   if th    ri.iii.ili  ».i predicts bi« borne out in 
practice  The .tin. cry used tu •.•Aöict the   ^erfomance of a gas turbine 
jet engine in flight c:nnot y- t u-       .id co b. fully testi-d, but it is 
also true to add that no t-..i>t ttr.-j. ; ro-iuc d a öuneia! result of reasonable, 
relis.biiity with which the  theory  ei'  b:.. :..:.toning of component 
ohrjf.ictt.ri at ice is not in f.;;ivieiiient.  Tue theory does not y-t extend to 
covtr the • -.courat«   i.i'iiiction of the o/t^yo'.v.nt chcr.cti.riütics fron 
design cU. t;.,  but Iv.s to asuuine ttu'.t tuest may b>: obtained exporiaentally» 
For example, with in'obably the ajuipx>.:>t oocvonvnt of all, the j-t-pipe 
and uozsle,   l.h<-  tlu«or> tjcal v-33Uiiiptii>n of constant adi:.b..tic efficiency 
is found tu haV-.   ahcrt-uoniiiigs and ti».  i-eie-iionohij- betJ-en the 
effocti/e ai\>. of the  i.roj» llih,;, noi,„l<-. ;md  the actual area iu not 
theoretically  pi\ oictable. 

ivfter tlm combustion system, whos'   development to a high 
standard of efficiency h'-a been l:iV-ly a- wetter of testing, and 
re-ti.-isting,  th-   major component on which uioit bating has been done is 
the coini'resuor. Tests on s'.-v.wi centrifugal find axial compressors have 
been carried out in this country i-.nJl in Jslii. i.ict. ..nd (itruany, but the 
growth of tlii;  theory to [..rodict xv suite  \.r\ full agreement with those 
yieldfd by tests,   i.-. still ino-m^lete. 

for th-.- ehuraoteristici; of the other .najor component,  the 
turbine, we are itij-J. nu'gely dependent on theoretical assumptions as 
yet unconfirmed by  twists on  th'. co.<n[0 .ent as .'i separate unit.  Sono 
Confirm.tion may b.: obtained from t.^ste on the complete engine,  but 
this falls f-'-r shurt cu" idiat i:- desirable.  ,Iuch exx*-'rimental work must 
be done before  -; completely cde^o-te theory of turbine :> lfonaance can 
be put forward. 

Tests of engine-3 on the bonch,  e3,x;oivd.ly teats involving 
calibrations with different sis>;!> of l-ropoliing nozzle, have Arne .auch 
to confirm the method of matching non-dimensional component chart .cteristioa 
and the agreed ;:iethod of correcting te3t results, to standard atmospheric 
conditions  implies a wide acceptance of tlds inethod of treatment. 

t'eftts of engines  in flight,  though i.i.i.:it-;d by the rjaount rund 
type of iri.jtrumenti'.tion which c'.,n ~--- c.rri-.-i, cnl tli.  necessity of 
estiiunting thrust indii-uctly, sincu in suitable measuri.'ijj device has 
been developed,  have don>: iiothiiiii to disprove  the suitubiiity of  tl»e 
non-dim-iisional method of expri-sain^ the  .^rfonuixnoe of the engine. 
When opeKitin,, at tiv.   Si iim conditions of ^ooiv-lent aircraft velocity 
and r.p.m.   '-lthough at different v.ltitudi-s LJI.I. consequently at different 
actual valuv s of velocity rjid r. p.m., the engine [jerfortntaice expressed 
in non-dimensional i'onu is found to be identical within the li..iits of 
experimental accuracy. Cruinges due to vc.rying specific heat and air 
viscosity lie wititin the present li.idts of tviis accuracy. 

%-*•: -', "jS^*^.;^  ^"| "•P 
I 



F.J.H.   1211* 

52 - 

Since the end of the War, aritisn engines have been tested 
in the Ger...an altitude teat chambers «id it is understood, that though 
the study of these results is not yet uo-ipiete,  they too are in general 
agreement with the n n-dinensi<.r,tj. theory. 

9.0   Conclusion 

In this report on attempt has been ..&de to outline the «tent 
to which the theoretical possibilities of the gas turbine cycle have 
been investigated during reOent yeir-j.. These theoretical investigations 
have not, of course, been the wor'.< of any one person or of any one group, 
but the author wishes to acknowledge his indebtedness to those from 
whose work he has drawn freely in pivparing this monograph. A bibliography 
of this work is appended. 

The investigations have been concerned not only with the limits 
upon purformance, inherent in even the ideal cycle, but also with the 
extjnt to which the ideal porforiüancj nay be realised in machines of 
various component efficiencies. The influence of reheating, intercooling   ' m 
and heat exchange on the performance of the simple cycle has been studied ^"^ 
in some detail.  Because of the clo3e association between the gas turbine 
i-nd jet propulsion for aircraft a large proportion of resi irch work has 
centred on ttv   ^as turbine as an aero engine, and the variations in the 
performance of such an engine under varying flight conditions have been 
examined, together "with the methods by «hioh this  performance may be 
assessed from a knowledge of the component characteristics. 

».any L.vunues of research, however, re..iain virtually 
unexplored or at the best, only lightly trodden. To name but a few of the 
latter, in which some advitnees in knovledge iiave been ..ade, but which have 
not been mentioned in this report;  they include :- 

1. The effect of injecting liquids such as water, ammonia or alcohol 
into the air stream before compression, in order to obtain, increased 
thrust. 

2. The closed cycle gas turbine, operating at high presüureii and with     ^_ 
other working substances than air, • 

3. The equilibrium running of engines involving a multiplicity of 
compressors and turbines. 

1*.      The application of the gas turbine to duties other than aircraft 
propulsion. 

In addition to the necessity for studying these further assets 
of the subject of gas turbine engine pmfuHWmm,  there will also be', in 
the future, a constant need to re-survcy the ground already covered in 
the light of practici'd developroeiitü, uain^ the results of more 
comprehensive experimental eugi.ie testing to confirm or emend the 
assumptions which form the basis of the tuooretical approach to the 
problem, at the present early stage in the history of the gas turbine 
power plant. 

•flWS^"-: 
. 
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